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rana neutrino masses of (m,) <(4.33 - 5.54)eV and (m,) < (2.28 - 2.82)eV,
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Chapter 1

Introduction

The development of the Standard Model (SM) of particle physics has
provided the most complete description of fundamental physics to date. How-
ever, the observation of neutrino oscillations proves that neutrinos possess
a nonzero mass [1], providing a first confirmation of physics beyond the Stan-
dard Model. Some fundamental questions regarding neutrino properties re-
main unanswered, however, including the absolute mass, mass hierarchy, and
the nature of neutrinos as Dirac or Majorana particles. Observation of neu-
trinoless double beta decay (Ov/f) would provide both direct confirmation of
neutrinos as Majorana particles as well as a direct measurement of effective

neutrino mass, in addition to aiding in the determination of the mass hierarchy.

Because Ovf3( decay is to date the only avenue for direct measurement
of neutrino mass, a great effort has been made in the search for a signal,

utilizing a wide range of technologies.

In the effort to answer these questions, the NEMO-3 experiment uti-
lized seven isotopes in the measurement of two-neutrino double beta decay
(2v383) and the search for Ov33 with a half-life sensitivity of 10?® years, corre-

sponding to an effective neutrino mass at the level of 0.1eV. NEMO-3 utilized



a setup unique among Ov3 detectors, allowing for measurement of a suite of

observables and discrimination between signal and background contamination.

This dissertation is concerned with the measurement of 2v53 decays
of 116Cd to the ground state of 5Sn and of ®2Se to the ground state of 82Kr.
Chapter 2 describes beta-decay phenomena, including a theoretical description
of 2v35 and several OvB5 models. Chapter 3 details the NEMO-3 detector
setup and operation. Chapter 4 presents the analysis strategy and frame-
work for NEMO-3 data, including Monte Carlo methods and calculation of
half-life limits. Chapter 5 describes the NEMO-3 background model and its
measurement. Chapters 6 and 7 provide measurements of the backgrounds in
the 1'Cd and %2Se sectors in situ using NEMO-3 data. Chapter 8 presents
measurements of 233 decays for 11°Cd and 82Se, and chapter 9 shows the limit
calculations for OvS3 models in both isotopes. Chapter 10 discusses the up-
coming SuperNEMO detector and Chapter 11 gives the results simulations

done for research and development of its calorimeter.

1.1 Neutrino Phenomenology
1.1.1 A History of Neutrino Physics

After the discovery of [ decay, the reaction was believed to be of

the form

(A— B+e) (1.1)

where a and B are the parent and daughter nuclei, respectively. However, in

1914 the spectrum of electron energy was shown by Chadwick to be continuous



via the application of a magnetic field [2], an apparent violation of energy
conservation. In 1930 Wolfgang Pauli proposed a resolution in the form of
a then-unknown chargeless particle which could carry away energy undetected.
In 1933 Enrico Fermi developed a theory of 8 decay incorporating this particle,

now dubbed a neutrino, in a reaction of the form [3]
(A= B+e +v) (1.2)

The first observation of neutrinos by Frederick Reines and Clyde Cowan oc-
curred in 1956 using a large liquid scintillation experiment to detect electron
antineutrinos from the Savannah River nuclear reactor [4, 5]. The existence of
an additional flavor of neutrino was confirmed in 1962 with the observation of
i antineutrinos by Leon Lederman, Melvin Schwartz, and Jack Streinberger
[6]. Following the discovery of the 7 in 1975, the 7 neutrino was observed in

2000 by the DONUT experiment [7].

1.1.2 Neutrinos in the Standard Model

The Standard Model (SM) of particle physics refers to the SU(3) x
SU(2) xU(1) gauge theory describing the interactions of the strong, weak, and
electromagnetic forces [8]. The SM is built upon the theoretical description of
the weak interaction by Weinberg, Glashow, and Salam [9, 10, 11, 12] and has

succeeded in describing a wide variety of physical phenomena.

Within the SM framework, each lepton pair is a left-handed SU(2)
doublet containing a charged particle (electron, muon, or tau) and an asso-

ciated (massless) neutrino. an SU(2) singlet describes right-handed charged



particles, but right-handed neutrinos are absent. The observation of neutrino
oscillations, and thus massive neutrinos [1], offered the first evidence of physics

beyond the SM, indicating that a modification to the theory is necessary.

1.1.3 Neutrino Oscillations

In 1968, Raymond Davis, Don Harmer, and Kenneth Hoffman observed
a deficit of neutrinos with respect to the expectation from theoretical calcu-
lations [13, 14]. The discrepancy was eventually resolved using a theory orig-
inally proposed by Pontecorvo [15, 16], and later elaborated upon by Maki,
Nakagawa, and Sakata in 1962 [17], in which massive neutrinos can oscillate
between flavor states. In a manner analogous to CKM quark mixing [18, 19],
the mass eigenstates (v, 2, v3) and flavor eigenstates (v, v, v;) can be related

to one another by a unitary matrix U:

3
Vo) = Uailvi) (1.3)
i=1
where i spans three mass eigenstates and « spans the three flavor eigenstates.

The mixing matrix U is parametrized as the Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix:

i6
C12C13 512€13 513€
_ 19 19
U= —512C23 — C12523513€" C12C23 — S12523513€" 523C13 - Dy (1'4)
) )
512523 — C12C23513€" —C12523 — $12C23513€"°  C23C13

where ¢;; and s;; correspond to cos(6;;) and sin(6;;), respectively, ¢ is the Dirac

CP violating phase and D), is the Majorana phase matrix

1 0 0
Dy=10 €% 0 (1.5)
0 0 e



where ¢; are Majorana CP violating phases. Such phases appear only in

processes which violate lepton number conservation.

In the case of two-neutrino oscillation in a vacuum, the probability that
a neutrino initially in flavor eigenstate o with energy E will oscillate to flavor

state [ after length L is given by

P(vy — vp) = sin2(20,~j)sm2(%) (1.6)
with (Am;;)? equal to the difference of squared mass eigenstates 7 and j,
and the mixing angles 6;; obtained experimentally. Oscillation parameters
are typically described in terms of the neutrino source: solar, atmospheric,

accelerator, or reactor.

Current best parameters for neutrino mixing and mass-squared splitting

are shown in table 1.1.

1.2 Neutrino Mass

The observation of neutrino oscillations strongly implies that at least
one neutrino has a nonzero mass. Although predicted by the SM to be mass-
less, neutrino masses can be constructed via the inclusion of Dirac or Majorana

mass terms in the electroweak Lagrangian.

1.2.1 Dirac Neutrinos

Following the standard model construction, a Dirac neutrino mass term

requiring four independent components vy, Vg, U1, Vg can be constructed. Us-



Parameter Value Neutrino Type Experiment Reference

sin(f13) 0.312100:7 solar + reactor | SNO, KamLAND | [20, 21]

sin?(fy3) 0.52 £+ 0.06 atm., accel. | Super-K, MINOS | [22, 23]

sin?(26;3) | 0.089 4 0.01 4 0.005 reactor Daya Bay [24]
AmZ, 7.59 + 0.21 x1075eV? | solar + reactor | SNO, KamLAND | [20, 21]
|Am,| 241 x1073eV? atm. MINOS,T2K [22, 23]

Table 1.1: Summary of neutrino mixing matrix parameters.

ing the Dirac equation for massive fermions, with chirality eigenstates v¥g, Yy,

coupled and forming a four-component object of mass m [25]:
i(&“@u)wR — mQ/JL = O, z'(a“@#)wL — mQ/JR =0 (17)

where o# = (0,0 and o* = (0°, -0 an are 2-component spinors.
here 6 = (0°,6%) and o* = (0°, —3") and () are 2 ¢

These are related via the four-component bispinors

(@) (p)u(2)

If one defines a left (right) handed projection operator P g,

1
Prg) = 5(1 + 75) (1.9)




then the chiral projections of W, W gy are eigenstates of Prg).

Using vy, + vg, defined as

yeR VeL
vr=| Vu, v, = | v, (1.10)
Vrp Vr,

the mass term in the neutrino Lagrangian for a Dirac neutrino becomes
LP =7 MPuy + hec. (1.11)
where MP is a complex non-diagonal 3 x 3 matrix and vy # vg.

This Lagrangian is gauge invariant, implying that lepton number is
conserved, and leads to a small coupling to the Higgs field consistent with
charged leptons; small neutrino masses with respect to other leptons, however,
are unaccounted for. In addition, the Dirac formulation of neutrino mass
requires right-handed fields which do not occur in the SM, and therefore these

right-handed neutrinos are sterile [26].

1.3 Majorana neutrinos

In contrast to the Dirac case, massive fermions without conserved quan-
tum numbers may be written as ¢ p with mass m or ¢;, with mass m’, obeying

independent equations [25]:
i(6"0,) YR — me] =0, i(a" 0, +megy, =0 (1.12)

where € = i0,,. Expressed in the four-component form, the Majorana fields are

Uy (z) = ( _;ffg) ) L Up(z) = ( 6‘2’;(8) > (1.13)



which are self-conjugate under the charge conjugation operator iy2~°.

The left-handed Majorana mass term can then be written [27]:

1
LM = —5Vi M v + hec. (1.14)

where ¢ denotes a charge conjugate. Similarly, the right-handed mass term
can be written

1
LM = —5VMugvr + hec. (1.15)

In both cases, the mass term can be constructed entirely from one two-component
field W), removing the need for sterile neutrinos. Consequently, in the Majo-
rana case neutrinos and antineutrinos are identical (v = 7). Because neutrinos
are the only neutral SM leptons, they are the only particles for which Majorana

mass terms can be written.

1.3.1 The Seesaw Mechanism

The most general extension of the SM to include massive neutrinos is
by the addition of the Lagrangians listed in the preceeding sections. Addition-
ally, any theory of massive neutrinos must account for the disparity between
neutrino masses ( <1eV) and all other leptons (511 keV and above). The most

common mechanism considered involves assumes a mass matrix of the form

M:< X mD) (1.16)

mp Mg

28, 29]

Diagonalizing this matrix yields

M~ ( (mp/mg) 0 ) (1.17)

0 mg + (m%/mg)



A Majorana neutrino is considered to consist of the eigenvalues m; =
m% /mp and my = mp, where mp is taken at the scale of other SM fermions.
The seesaw mechanism arises from the dependence of m; on msy; as msy grows,
my, the left-handed Majorana neutrino, is correspondingly suppressed. The large
mass of the right-handed counterpart renders it unobservably large, often con-
sidered on the order of GUT scales (10 GeV) and at least 103 - 10° GeV for

a 1eV neutrino.

1.4 Neutrino Mass Hierarchy

4 vV 2
2 2
(mass) Am2,; or AM24
Vo 1
A% | > Amzsm V3

Figure 1.1: Illustration of the possible neutrino mass hierarchy cases assuming
three neutrino flavors. The left figure describes the normal mass hierarchy,
while the right describes the inverted mass hierarchy [30].

The question of the neutrino mass hierarchy remains an important un-
resolved question in neutrino physics. Oscillation data provides mass-squared
splitting as described previously, but thus far the absolute scale of neutrino

masses has yet to be determined.



In addition, assuming there are no as-yet unknown neutrino flavors,
the measured mass-squared differences give rise to two possibilities for a mass
hierarchy:

e The normal hierarchy: 1y <ro<vs
e The inverted hierarchy: v3<ivy<wvy

Figure 1.1 shows a representation of the two possible cases [30]. A mea-
surement of effective neutrino mass would provide an estimate as to the ab-
solute scale of neutrino masses. Furthermore, an effective mass measurement

may be used to distinguish between the two hierarchies, as shown in Figure 1.2.

Because the effective neutrino mass is inversely proportional to the
neutrinoless double beta transition half-life, measurements or lower limits of
neutrinoless half-lives can be used to constrain the available parameter space
on the Y axis in the figure. A full discussion of limits in this parameter space

is contained in reference [31].
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Figure 1.2: Mass hierarchy splitting in parameter space of minimum neutrino
mass and effective neutrino mass. For certain values, a measurement or limit
of sufficient sensitivity would be able to distinguish between the normal and in-
verted hierarchies. Parameters are shown at 90% (top) and 30 (99%) (bottom)
confidence levels.
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Chapter 2

Double Beta Decay

To provide a background to neutrinoless double beta decay, this chap-
ter describes the mechanics of several types of well-known [S-radiation before
moving on to a discussion of two-neutrino double- (2v35) decay. Neutrino-
less double-beta (0v3/3) decay in the Light Majorana Exchange framework is
introduced, followed by a discussion of right-handed currents and Majoron-
emitting Ov35 models. The single-states dominance and higher-states dom-
inance hypotheses are also discussed, and results from previous double beta

measurements are presented.

2.1 Single Beta Decay

Beta emission describes a type of radioactive decay mediated by the weak
force and resulting in the change of the atomic number by one unit. Three
forms of 3 decay are possible: 3~ emission, ST emission, and electron capture.
In addition, £ decays can be categorized by the difference between initial and
final nuclear total angular momentum J and the overall emitted lepton spin
state [32, 33]. Transitions in which the electron and antineutrino have an-

tiparallel spins in a relative singlet state are known as Fermi transitions, while

12



those in which the electron and neutrino have parallel spins in a triplet state

are known as Gamow-Teller transitions.

2.1.1 Electron and Positron Emission

Beta emission is the process by which a parent nucleus transitions to
a more stable daughter via emission of an electron or a positron and medi-
ated by a W* boson. In addition, lepton number is conserved by emission of
an electron antineutrino for electron-emitting nuclei and an electron neutrino

for positron-emitting nuclei.

Nuclei with excess neutrons decay via conversion of a neutron to a pro-

ton, with the emission of the associated leptons:
n—pte +7, (2.1)

Consequently, the atomic number Z of the nucleus is increased by one, while

its overall number of nucleons remains constant.
Nuclei with an excess of protons decay in an analogous manner, with
a proton decaying to a neutron:

pon+te +u, (2.2)

Positron emission requires that the daughter nucleus has a greater binding
energy than the parent, as energy must be extracted from the parent nucleus
to make up the difference between the neutron and positron mass. In this case,

7 is decreased by one, while again the overall number of nucleons is unchanged.

13



2.2 Other Emissions
2.2.1 Electron Capture

In contrast to direct emission of 5 particles, a third process known as
electron capture (EC) exists in which only a neutrino is emitted. In this case
low-lying atomic electrons are absorbed directly into the nucleus with the emis-
sion of a monoenergetic neutrino. The vacant K-shell (or less frequently, L-
or M-shell) is filled in by a higher-level electron, with corresponding release of
an X-ray or Auger electron [34]. Alternately, this process may be known as

K-capture, as in most cases the captured electron comes from the K shell.

2.2.2 Internal Conversion

While not a £ decay, a further process allowing for the release of an elec-
tron known as internal conversion is possible. In this case, excitation energy of
the nucleus is transmitted directly to an inner shell electron, which is released
from the atom with kinetic energy hv— B, where hv is the de-excitation energy

and B is the binding energy of the electron, given by

7% x13.6eV
2

(2.3)

n
for an electron in level n. As in the case of EC, the vacated electron state is
filled in by a higher-level electron, accompanied with the emission of an X-
ray or Auger electron. A and Z both remain constant in IC, and the process
is entirely electromagnetic and thus competes with v emission in nuclear de-
excitation. Because no neutrinos are involved in the decay, ejected electrons

carry discrete energy values [34].

14



2.3 Double Beta Decay

In certain cases for nuclei with an even number of protons and neu-
trons, there is a chance for a decay to a daughter of Z + 2 via double 5 decay,
a process which can be considered as two simultaneous S decays. If the masses
of isotopes around a given atomic number Z, are plotted with respect to mass,
a parabola is formed; in the case of odd-odd and even-even nuclei, a nuclear
pairing energy term causes a splitting into two parabolae, as shown in Fig-
ure 2.1. In such cases, for even-even isotopes (i.e., isotopes on the bottom
parabola) ( decay is energetically unfavorable, but decays to next-nearest-
neighbor isotopes are possible. Because all even-even isotopes have a ground
state of spin 0 and positive parity, double 5 decay ground state transitions are
all (0t — 07) transitions and thus a necessary requirement for double 8 decay
is that m(Z,A) >m(Z+2,A). Because double § decay is a higher-order process
with a significantly longer half-life than 5 decay, a de facto requirement is also

that 8 decay is either forbidden or strongly suppressed. [30]

2.3.1 Two-Neutrino Double Beta Decay

As was the case with § decay as discussed in the previous section,
double 3 decay also proceeds via three processes: 5~57, 741, and double

electron capture. S~ 3~ emitters decay as [30]
2n — 2p+2e” + 20, (2.4)
while 751 decay as

2p — 2n+ 2e" + 2u, (2.5)

15



and double EC proceeds as
2p+2e = 2n+ 21, (2.6)

A Feynman diagram for the 2v53 decay of a double electron emitting nucleus

is shown in Figure 2.2. The half-life for this process can be represented by
[T24] = G P (27)

where G is an exactly-calculable phase space factor and M?” is the 2v303
nuclear matrix element given by [35]

GD(J)|et= |1 (1 |gt|P
Z< (Dot 1) (L |t | P)

M2V —
AFE;

(2.8)

for parent nucleus P and final granddaughter nucleus GD with J=1, 2, or 3.

See section 2.4 for further discussion of nuclear matrix elements.

There are 35 known 2v3~ 8~ and 6 known 2v57 37 emitting isotopes.

a summary of these isotopes and their phase space values is given in table B.1.

n p
- -

W
> >

Figure 2.2: Feynman diagram for 2v33 decay.



2.3.2 Neutrinoless Double Beta Decay

In a case analogous to 2v3 decay, neutrinoless double 5 decay (0vf3p)
is two-electron emission process changing the atomic number Z of the parent

nucleus by two. In this case, however, no neutrinos are emitted:
2n — 2p + 2e” (2.9)

In the most commonly discussed model of Ov3/3, known as the V' — A Light
Majorana Exchange, the process is mediated by the emission of one left-handed
virtual neutrino which undergoes a chirality flip and is absorbed as a right-

handed neutrino [36].

As a consequence, lepton number is violated by two units, requiring
that neutrinos be Majorana particles, as discussed in section 1.3. Ov53 decay
is therefore forbidden by the standard model, and its observation would be
a major probe into physics beyond the standard model. a Feynman diagram

of Ov/5 mediated by Light Majorana Exchange is shown in Figure 2.3.

n - - p
W 67
l
vl
|
|
|
W e
n - - D

Figure 2.3: Feynman diagram for Ov3/ decay.



The half-life for this process is given by [30]:

(1) = coarp (el (2.10)

e

As was the case in the 2068 case, GY is a calculable phase-space element and

MY is a nuclear matrix element which will be discussed in section 2.4.

2.3.3 Right-handed Current Mechanism

An alternative forumlation of double beta decay posits that neutrinos
can couple to right-handed lepton currents, an interaction absent from the SM.
From this possibility arise three dimensionless parameters describing new cou-

plings [28, 36]:

e \: coupling between right-handed lepton current and right-handed quark

current;

e 1: coupling between right-handed lepton current and left-handed quark

current;

e r: coupling between left-handed lepton current and right-handed quark

currents.

In this model, the neutrino can couple directly to either emitted W in the dou-
ble beta decay process and requires no helicity flip. However, such couplings
are generally negligibly small and only visible in the event that other mecha-

nisms are either forbidden or vanishingly small.
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The NEMO-3 detector considers the case of only a nonzero A parameter,

for which the double-beta decay half-life is given by
(T9)™" = G ™ P (211)

where G%* and M are the right-handed current specific phase-space factor

and NME, respectively.

2.3.4 Majoron Mechanisms

There also exist several models in which global baryon-lepton symmetry
is spontaneously broken and a boson which couples to the neutrino is emitted.

In general, such models proceed as
2n — 2p + 2e” + &x°, ¢€=(1,2) (2.12)

with " denoting the emitted boson, known as a Majoron. Majorons are
generally predicted to be light or massless, and may potentially be Goldstone
bosons. Majoron mechanisms which conserve and violate lepton number both

exist, and both scalar- and fermion-mediated mechanisms exist as well [37, 36].

Models are denoted by a spectral index n, with the cases considered in

NEMO-3 as follows:

e n = 1: single Majoron emission [38];
e n = 2: bulk Majoron emission in a supersymmetric framework [39];

e n = 3: emission of two massless Majorons [40, 41];

19



e n = 7: emission of two light Majorons [40)].

The phase space factor G®X° for Majoron-emitting processes depends on the spec-
tral index n and is proportional to (Qss— Esum)", the difference between

the Q-value for the decay and the summed electron kinetic energies.

A Feynman diagram describing a general Majoron mechanism decay is

shown in Figure 2.4.

n - > p
b\‘\\;\\/\\—\/’/e_
\ U
N - XO
-
v
/
/
y\e
n > - p

Figure 2.4: Feynman diagram for Ov3( decay with Majoron emission.

Half-lives for Majoron-emitting Ov33 decay are given as

vx° vx° vx°
Ty = GO | MO 2 (g,0)? (2.13)

given a Majoron-neutrino coupling constant g,o.

2.4 Nuclear Matrix Elements

The accurate calculation of the OvS3 nuclear matrix element MY is

a crucial component in relating the measured Ovf3( half-life to the effective

20



neutrino mass. To begin consideration of this matrix element, one can consider

first the individual -decay transition element before moving to the 55 cases.

Weak interaction decays proceed in the (V - A) theory via two com-
ponents [33, 42] a polar vector term with coupling constant Gy and an axial-

vector term G 4. The operator for 3% decay then has the form

0,,.(8%) = Gv Z 72(j) + Ga Z (2.14)
where T4 is the isospin raising/lowering operator, giving the nuclear matrix
element the form

(P|H'|D) ~ {P!ZT:F )ID) + ga( ’ZU(j)T:F(j)\D>} (2.15)

MMf

for parent nucleus P and daughter D. More succinctly, the matrix element M
can be represented by

MF

A

MP = (P| — — + Mgr|D) (2.16)

where Mr and Mgr are known as the Fermi and Gamow-Teller operators.
The constant g4 is equal to g—é and is known as the Gamow-Teller coupling
constant. There is a known discrepancy between calculated values of g4 and

those measured experimentally, with the value from calculation at
lgal = 1.31 (2.17)

compared to the measured value from § decay of -1.259+0.004.
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This matrix element can be extended to S decays by considering
the combination of interactions between nucleons in the parent and intermedi-
ate nuclei [36]. The Fermi term considers only contributions of the lowest-lying

0" state of the intermediate nucleus, giving
M =Y {05 Y nr i [0F)(0F ] Y T 10F) (2.18)

the Gamow-Teller term can contribute via higher-energy states of the inter-

mediate nucleus I, and is given by

M == 051> nrieaI) (171 Y Tioal0}) (2.19)
for the 2v3[ case these are combined to give equation 2.8.

In the Ov case, neutrino potentials must also be considered in the NME,

leading to a matrix element of the form [36]

M = (0 h(ram, Ea)oy - 0m|05) (2.20)
G 12
Xr = 32 ~a{0h A, B)IOG) () /M (2.21)

for a neutrino potential h, and where xp is a Fermi-type NME.

Because calculation of NMEs explicitly involves solving a many-body
Schrodinger equation containing terms for all nucleon-nucleon interactions, it
quickly becomes intractible for even small nuclei. To combat this problem,
several approximation techniques have been developed to calculate NME val-

ues.
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odd isobaric nuclei giving rise to double beta decay for mass numbers 116 (top)

and 82 (bottom). 23



2.4.1 Quasi-Random Phase Approximation

The Quasi-Random Phase Approximation (QRPA) method uses mean-
field theory to describe a large single model space, but truncates available
configurations. In this model, the mean field corresponding to the minimum
energy is calculated with the quasiparticle representation and equations of mo-
tion for vibrations around that minimum are solved. Extensions of the model
including the renormalized QRPA (RQRPA) and self-consistent renormalized
QRPA (SRQRPA) remove problems related to non-conservation of nucleon
number and violation of the Pauli exclusion principle. A thorough discussion

of QRPA and its extensions is available in references [43, 44, 45].

2.4.2 Shell Model

An alternative to the QRPA framework is the Shell model, in which
an assumption of weak coupling between proton and neutron systems is as-
sumed [28]. This assumption has the advantages of providing wavefunctions
with important quantum numbers such as parity, angular momentum, and
isospin. Provided the model space is sufficiently large, correlations contained
in the interaction Hamiltonian are automatically included; however, a major
drawback is that providing a sufficiently large model space quickly becomes
very difficult. In practice, only **Ca can realistically be treated very well in

this model for 55 purposes.
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2.4.3 Hartree-Fock Method

Another approach, in which a central nuclear wave function and wave
functions for nuclear shells are approximated, is known as the Hartree-Fock
method. The resulting solutions are in the form of a Slater determinant usually
formed by the product of central and shell wave functions. Various other
considerations including the shape of the Fermi surface are accounted for by
further additions, such as introducing the Bogoliubov transformation, giving
the Hartree-Fock-Bogoliubov (HFB) method. In general the shell method
is restricted to spherical and lightly-deformed nuclei; ellipsoidal nuclei are
not described as well. A thorough description of Hartree-Fock techniques are

available in reference [46].

2.4.4 Interacting Boson Model

Another calculation known as the interacting boson model (IBM) aims
to produce wave functions based on the interactions of nucleon pairs. For
the purposes of double beta decay, even-even nuclei with atomic mass A >
60, realistic wave functions can be produced which are subsequently used to
produce the NME for double beta decay. A thorough discussion of the IBM

method as it relates to double beta decay is available in reference [47].

2.4.5 NME Values

Calculated NMEs for common double g decay nuclei with several ap-

proximation methods are shown in Figure 2.5.
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Figure 2.5: Comparison of Ov calculated nuclear matrix elements for a selection
of OvB35 candidate isotopes using a variety of models [45].

2.5 Single and Higher States Dominance Hypotheses

As discussed in section 2.3.1, the 2v33 process can be considered as two
successive [ decays proceeding through an intermediate nucleus. The general
calculation of this process [48], known as the higher-states dominance (HSD)
hypothesis, considers the sum of all states of the intermediate nucleus. an al-
ternative known as the single-states dominance (SSD) hypothesis, applicable

to transitions with intermediate nuclei with 1% ground states reachable via
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the Gamow-Teller transition, posits that only the ground state of the interme-

diate nucleus contributes to the NME [49, 50].

Because the NMEs for the SSD and HSD processes differ in the con-
tribution of individual lepton kinetic energies in the denominator, the single-
electron spectrum may be used as a more sensitive observable for differentiation
of the hypotheses. The largest separation between the spectra can be observed

at low energies, as shown in Figure 2.6 [51].
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Figure 2.6: Calculated single-electron energy spectra for the SSD and HSD
hypotheses in 11®Cd. The solid red line represents the spectrum under the SSD
hypothesis and the dashed lines represent several models of HSD spectra [51].
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Among NEMO-3 isotopes, Mo and 'Cd have 17 intermediate nu-
clei, with 1°Cd proceeding through the 17 state of '°In. Previous exper-
iments have measured the Gamow-Teller matrix elements for the transition
116Cd—11Tn using (*He, t) reactions [52] and for the transition ''6In—!1%Sn
using (d,?He) reactions [53]. Figure 2.7 demonstrates the HSD and SSD levels
for 116Cd.
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Figure 2.7: Level scheme for "9Cd—!%Sn decay showing the HSD and SSD
contributions.
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2.6 Previous Double Beta Experiments

Experiments designed with the goal of measuring 3 lifetimes are chiefly
designed with considerations of minimizing background radioactivity and max-
imizing sensitivity to 53 signals. In practice, these goals are often at odds with
each other, and a compromise must be made between background rejection and
signal detection. Because of this compromise, a number of different methods
have been developed, each with its own advantages and drawbacks. This sec-
tion will briefly describe the major types of 3 experiments and summarize

past results, with a particular focus on those concerning 'Cd and #2Se.

The NEMO-3 and SuperNEMO experiments, which make use of a track-
ing chamber and a calorimeter system for tracking electron motion and mea-

suring energy, will be described in detail in chapters 3 and 10, respectively.

2.6.1 Semiconductor Experiments

Semiconductor experiments exploit candidate isotopes which can be
used as semiconductors, most often ®Ge. The source material is positioned
between a pair of electrodes to form a diode, and incident radiation creates
electron-hole pairs which migrate to the electrodes to generate a signal. En-
riched Germanium crystals can be produced relatively easily with total absorp-
tion of y-rays up to 5 MeV, and can provide energy resolution of approximately
0.3%. However, to reduce electronic noise they must be kept at cryogenic tem-

peratures.

A well known and controversial example of semiconductor experiments
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is the Heidelberg-Moscow experiment [54], which used high-purity Germanium
enriched to 86-88% purity with a total exposure of 35.5kg yr to obtain a limit
of

TP (" Ge) = 1.9 x 10 yr, (2.22)

corresponding to an effective neutrino mass of (m,) < 250 — 500 meV.

In 2001, a group within the Heidelberg-Moscow collaboration claimed
to have observed a signal of Ov33 decay [55], using an exposure of 71.7kgyr

to obtain a T/, of
TP} (" Ge) = 1197520 x 10%® yr- (2.23)

Other experiments, however, have failed to reproduce this claim. The IGEX
experiment [56] utilized a similar setup, using six HPGe detectors enriched to
86% to achieve an exposure of 8.9kgyr with 2.0kg of Ge, setting a lower
half-life limit of

TY/("Ge) > 1.57 x 10 yr- (2.24)

The GERDA experiment utilized repurposed HP Ge detectors from Heidelberg-
Moscow and IGEX, in addition to new Broad Energy Germanium (BEGe) de-
tectors for a total mass of 21.3kg. An improved background rejection system,
including a liquid argon cryostat which doubled as coolant for the scintilla-
tors and 3m water overhead instrumented with PMTs for cosmic ray muon

rejection served to reduce backgrounds significantly.
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Recent results from GERDA [57] strongly disfavor the claim from the Heidelberg-

Moscow experiment, finding a half-life limit of

TP} (" Ge) > 2.1 x 107 yr. (2.25)

MAJORANA is a next-generation Germanium-semiconductor experi-
ment aiming to improve on the sensitivity of Heidelberg-Moscow and IGEX
by improving radiopurity, background shielding and rejection, and pulse shape

discrimination.

2.6.2 Scintillation Experiments

An alternate approach to the measurement of 33 decays is to include
the candidate isotope direclty inside a solid or liquid scintillator. Electrons
ejected during decays of the source isotope are absorbed in the scintillating
material, causing excitations in the material which are emitted as light that is

subsequently detected by PMTs.

Elegant VI and CANDLES III are examples of scintillation experiments
utilizing solid scintillators. In both cases, CaF; crystals are used as both source
and scintillator to detect decays of ¥*Ca. ELEGANT VI [58] used 6.6kg of

CaFy(Eu) for a total of 7.6 ¢ of **Ca to produce a half-life limit of
TYfy > 5.8 x 102 yr (mgg) < (3.5 —22)eV. (2.26)

CANDLES IIT [59] uses 305 kg of undoped CaF, for a total of 300g of **Ca

immersed in liquid scintillator and is currently taking data.
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In the case of liquid scintillators, candidate isotopes are dissolved di-
rectly into a scintillating medium, such as liquid Argon (LAr) which is in-
strumented with PMTs to observe scintillation. The liquid scintillator itself
generally serves to self-shield the fiducial volume of the detector. This tech-
nique allows for measurement of relatively large amounts of candidate isotope,

at the cost of reduced energy resolution.

KamLAND-Zen [60] contains 13t of Xe-loaded liquid scintillator con-
tained in a nylon balloon, with a total of 300kg of ¥°Xe. The balloon is
surrounded by 1000t of liquid scintillator to act as a background suppressant
as well as a water-Cherenkov detector to veto cosmic-ray muons. KamLAND-

Zen has produced a half-life limit of
TYfy > 1.9 x 10% yr (mgp) < (160 — 330) meV. (2.27)

SNO+ [61] uses a similar model, loading '3°Te dissolved into liquid scintillator
contained in a 12m diameter acrylic sphere shielded with a water bath instru-
mented with 9,500 PMTs. The first phase plans to use 800 kg of 3°Te (0.3%

concentration), to be increased to 8,000kg (3%) in a second phase.

2.6.3 Bolometer Experiments

Bolometer experiments make use of changing material properties of
detectors upon absorption of energy emitted during particle decays. Particles
incident on the detector cause changes in the temperature of the material, with

the resulting increase detected as a change in electrical properties [62]. This
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technique typically allows for good resolution, but poor particle identification.
Furthermore, because heat capacity is proportional to T? at low temperatures,

detectors must be maintained at the milliKelvin level.

CUORICINO [63, 64] used an array of 62 TeO, crystals with a total of

10.7kg of 13Te surrounded by passive shielding to set a half-life limit of
TYfy > 3.0 x 10% yr (mgg)) < (190 — 680) meV. (2.28)

CUORE [65] plans to build on the CUORICINO principle by increasing the ar-

ray to 988 bolometers for a total of 206 kg of *°Te.

2.6.4 Time Projection Chamber Experiments

Time projection chamber (TPC) experiments track the path of elec-
trons as they move through an ionized medium. An electric field is applied
to the medium to drive ionization electrons to a collection device. Drift time
measurements allow for reconstruction of the electron track, and the amount
of ionization is proportional to electron energy, allowing for energy measure-
ments. Current experiments also utilize a medium which is also a scintillator,

such as liquid Xenon.

EXO0-200 [66] is a TPC experiment filled with liquid Xenon enriched
with 80 kg of 3Xe (80% concentration). The TPC uses a cathode grid with
planes of wires and avalanche photodiodes (APDs) symmetric at each end of

the detector for detection of ionization signals and scintillation light. EX0O-200
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set a half-life limit of
TYfy > 1.6 x 10® yr (mgg) < (170 — 360) meV. (2.29)

The next iteration of EXO-200 is the EXO experiment, which plans to scale
EXO-200 to the ton scale.

Additionally, NEXT-100 [67] plans to use pressurized gaseous Xenon
as the detector medium, with an array of PMTs to measure energy resolu-
tion on one side of the detector with the other end instrumented with silicon
photomultipliers which read electroluminescent signals proportional to the ion-
ization signal. The detector plans to use 100kg of gaseous *°Xe enriched to

91%, with the possibility of scaling to the ton scale in the future.

2.6.5 Previous "Cd Results

Several experiments have previously reported measured values for 16Cd,
utilizing several of the techniques described above. A summary of these ex-

periments and there results is given in this section.

An early search for 2v55 decay [68] was performed in a Wilson cloud
chamber containing a 30g 1°Cd foil. The background was too high to make
a definite claim of observation, and the experiment wa able to place a lower
limit of

TPy >1x 10 yr. (2.30)

ELEGANT V [69], a scintillator-type experiment which used 9Cd foils placed
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between Nal scintillators, measured a 2v3( half-life of
TPy = 2.6%0 5 x 10¥ yr, (2.31)
and to place a OvBp3 half-life limit of
TY/5(68%C.L.) > 6.3 x 10* yr (2.32)

The COBRA experiment [70, 71] is a semiconductor-type experiment using
CdZnTe semiconductors. a prototype of this detector consisting of four 1cm?

semiconductor crystals has been constructed, producing a OvS3 limit of
TY/5(90%C.L.) > 3.14 x 10" yr (2.33)

The Solotvina experiment [72, 73, 74] used CAWO, scintillators containing
a total mass of 330 g of 1'°Cd. The measured 2v3/ half-life reported by the ex-
periment was

Tty = 2.9705 x 10® yr (2.34)

and the current best Ov5S half-life limit of
Ty > 1.7(2.6) x 107 yr 90% (68%) C.L. (2.35)

2.6.6 Previous *?Se Results

Geochemical evidence for 2033 decay of ¥2Se was observed by Lin et.

al. in 1988 [75], measuring a half-life of

Ty = (1.2+0.1) x 10%yr (2.36)
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for the combined Ov + 2v double beta decay.

A TPC experiment at the University of California at Irvine [76] made

the first observation of 2v3[ events, measuring a half-life of
T, (68%C.L.) = 1.08¥0:38 x 10° yr (2.37)
and set a lower limit on Ov/3( decay half-life at
TV, > 2.7 x 102 yr (2.38)

corresponding to an upper (mgg) limit of 5eV.

Additionally, the NEMO-2 experiment [77], using a tracker-calorimeter
setup similar to that of NEMO-3, measured a 2v3f half-life of

TP = (83+£1.0£0.7) x 107 yr (2.39)
and set a lower Ov3( half-life limit of

TYfy > 2.8 x 10% yr- (2.40)

2.7 NEMO-3

The NEMO-3 experiment built off of the experiences from NEMO-2,
utilizing a tracker-calorimeter setup to measure a total of seven isotopes. This

experiment will be described in detail in chapter 3.
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Chapter 3

The NEMO-3 Detector

Central to the effort of measuring double beta decay is the detector
used to carry out the measurement. The NEMO-3 detector was the culmina-
tion of years of research and development, as well as experience gained from
the previous NEMO-2 experiment. Extensive research and development was
carried out to ensure that the detector would be able to achieve maximum sen-
sitivity, in areas such as source foil purification and production, drift chamber
optimization, and calorimeter development, measurement, and calibration. In
addition, preventing the introduction of unwanted radioactive contaminants
was also a major concern, and both the source purification and detector con-

struction were developed with this in mind.

Development of the NEMO-3 detector was carried out with the purpose
of designing a unique detector that could take advantage of multiple measure-
ment techniques to provide more sensitive measurements of double beta decay
through a variety of observables. NEMO-3 was thus unique, incorporating
both a tracker to measure trajectories of particles emitted during decays of
the isotopic foil as well as a calorimeter to measure energy. This combina-

tion made it possible to distinguish between signal and background events in

37



situ based on event topologies, as well as on time-of-flight hypotheses for re-
jecting backgrounds originating outside of the source foils. Furthermore, the
cylindrical design of NEMO-3 made it possible to study multiple isotopes si-
multaneously, ultimately allowing for the determination of limits of of seven

isotopes.

This chapter describes each component of the NEMO-3 detector, along
with background reduction considerations. Beginning with an overall descrip-
tion of the detector and its surroundings and then moving through the iso-
topic source foils, drift chamber, and calorimeter, each individual section of
the detector will be discussed in detail to provide a full understanding of the

mechanics used in double-beta decay measurement.

3.1 Detector Description

The NEMO-3 detector was located in the Fréjus Underground Labora-
tory (known as the Laboratoire Souterrain de Modane, or LSM) in Modane,
France, until its disassembly in 2011. It was designed as a cylinder divided
azimuthally into 20 equal wedge-shaped sectors, with each sector containing
a double beta candidate isotopic foil surrounded by a tracking chamber and
calorimeter. The total mass of candidate isotopes in the detector was approx-
imately 10kg. The detector measured 3.1 m in diameter and 2.5m in height.
The combination of tracking chamber and calorimeter allows for particle track-
ing, energy measurement, and time-of-flight calculation, which combined allow

for discrimination between electrons, positrons, gamma rays, and « particles
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and for in situ background rejection.

The source foils were fixed vertically in the detector. 18 of the 20 sectors
contained candidate double beta decay isotopes, while the remaining two con-
tained copper and natural tellurium for background measurement. Each foil

was either metallic or composite, with a density between 30 and 60 mg/ cm?.

The source foils were surrounded on either side by a tracking volume
composed of 6,180 drift cells operating in Geiger mode. Drift cells were 270 cm
long stainless steel wires and the tracking chamber was filled with a mixture

of helium, ethyl alcohol, and argon at 7mbar above atmospheric pressure.

Surrounding the tracking volume were 1,940 plastic scintillators cou-
pled to low-radioactivity photomultiplier tubes for measurement of particle
energy and time-of-flight. Both the internal and external walls were covered
hermetically, and the top and bottom iron petals of the tracker chamber were

also partially covered.

The detector was enclosed by a solenoid producing a 25G magnetic
field parallel to the foil axis to distinguish particle charges and reject positrons.
a 20 cm external low-radioactivity iron shield surrounded the detector to sup-
press external y-rays and thermal neutrons. Outside the iron shield was a bo-
rated water shield to capture thermal neutrons and thermalize fast neutrons.
a 28 cm shield of wood surrounded the borated water tank. Finally, to prevent
background interference from cosmic-ray particles, the detector had an over-

head of 4,800 meters of water equivalent.
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Figure 3.1 shows a cutaway of the NEMO-3 detector, showing the posi-
tions of the the tracking chamber, scintillator, shielding, and support structure.
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Figure 3.1: Cutaway of the NEMO-3 detector showing the tracking chamber,
calorimeter, shielding, and support structure.
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3.2 Source Foils

Each of the 20 sectors contained seven strips of isotopic foils. The two
strips on the edge of each sector had a width of 63 mm, and the five in the
center were each 650 mm in width. The mean length of the strips was 2480 mm.
All source foils had a mean density from 30-60 mg/cm?, giving a thickness of
< 60 pum for metallic foils (density 10 g/ cm?) and < 300 ym for composite foils
(density 2g/cm?). It was demonstrated that efficiency for the Ov33 process

was not compromised given foil surface densities under 60 mg/ cm? [78].

SOURCE DISTRIBUTION IN NEMO-3
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Figure 3.2: Distribution of isotopic source foils in NEMO-3 by sector.
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3.2.1 Choice of Isotopes

At the time of this writing, there are 35 known 5~ isotopes and six
known BT isotopes. The choice of isotopes to use in NEMO-3 was deter-
mined by several factors, chiefly the double beta transition energy (Qs3), back-
ground in the energy region around (s, natural isotopic abundance, and the
ability to sufficiently purify the candidate isotope to acceptable levels. Because
of the ubiquitous presence of natural thorium, the 2615 keV ~-ray produced by
its decay product 2°®T1 contributes a consistently troublesome background; to
avoid contamination from this isotope, ()3 values above 2.6 MeV were highly
desirable. Figure 3.3 demonstrates the background spectrum from naturally-

occurring radiation.

Additionally, in most cases isotopes with an abundance greater than 2%
were considered; however, because of improvements in the enrichment process
in Russia and an extremely high Qs value, **Ca was also added despite its
extremely low abundance. Finally, 13°Te was added for 2v34 studies and to
attempt to give a reliable resolution to historical tension between measured

geochemical half-lives [79, 80].

A table of isotopes chosen for inclusion in NEMO-3 is given in table 3.1.

a full reference of all double beta decay isotopes is given in table B.1
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Figure 3.3: Spectrum of natural radioactivity, demonstrating the 2615 keV ~
line due to 2%°T1.

3.2.2 Source Preparation

The isotopic source foils were at the literal and figurative center of the
NEMO-3 experiment. To observe a double beta signal, a large number of
candidate atoms must be present in the source, and the source must also be
free of undesirable radioisotopes which can mimic the signal. Additionally,
an even distribution of source across the foil was also required for accuracy in

tracking and event vertex determination.
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Because each isotope in NEMO-3 exists in different forms and abun-
dances, each required individual treatment and preparation. This section will
discuss the prepation of %2Se and ''6Cd and the composition of their foils.
a thorough discussion of the preparation of all isotopes in NEMO-3 is avail-

able in reference [78].

3.2.3 ®Se

To obtain enriched ?Se, a chemical purification process beginning with
metallic powder was used with a focus on removing long-lived radioisotopes of
the 2%*U and 232Th decay chains while filling Ra sites with Ba. The selenium
powder was dissolved in an aqueous solution and heated to produce 82SeFg gas.
an electrical discharge in the gas obtained the enriched selenium powder. Two
different runs were produced, known as Se(I) and Se(II), with enrichments of
97.02 £+ 0.05% and 96.82 + 0.05%, respectively. a portion of Se(I) had already
been used in the NEMO-2 prototype and found to have small "hot spots” of

211Bi contamination which could be rejected in the data analysis [81].

82Se foils are contained in sectors 6 and 7, as well as the first two strips

in sector 8. a description of the ®2Se foils is contained in tables 3.2, 3.3, and 3.4.

3.2.4 115Cd

Metallic cadmium was enriched to (93.2 & 0.2)% of isotope 116 via cen-
trifuge. Strips were glued between Mylar foils to provide mechanical strength

in the vertical position. Overall, a total of 441.5 g of cadmium with an enrich-
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ment of 93.2% are included in the source foils, for a total of (410.4 £ 1) g of
116Cd in NEMO-3 [82]. Note that reference [78] erroneously reports a value
of (405 £ 1) g. a description of the sector in NEMO-3 containing *°Cd foil is

contained in table 3.5.

3.3 Tracking Chamber

The NEMO-3 tracking chamber was comprised of 18 concentric layers
of vertical wire drift cells working in Geiger mode, totaling 6,180 cells and
39,820 wires. There were nine layers of drift cells between each side of the
isotopic foil and the calorimeter, arranged as four layers followed by a gap,

two layers, another gap and a final three layers.

An illustration of this layout is shown in Figure 3.4
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Figure 3.4: Detail of the Geiger cell and petal layout in the NEMO-3 tracking
chamber.
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3.3.1 Elementary Geiger Cell

Each cell was octagonal, with a diameter of 3 cm defined by 8 grounded
cathode wires with a central anode wire. Adjacent cells shared cathode wires to
reduce the overall number of wires, minimizing electron scattering. To reduce
electrostatic cross talk between layers, and extra ground wire was added to

each cell between layers, but not within the same layer.

All wires were stainless steel, 50 ym in diameter and 270 cm long. Wires
were strung between the iron petals at the top and bottom of the detector. At
the end of each cell, there was a cylindrical cathode ring 3cm in length and
2.3cm in diameter. The anode wire ran through the center of the ring, with
the cathode wires supported immediately outside it. an illustration of a cell is

shown in Figure 3.5.
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Figure 3.5: llustration of an elementary Geiger cell.

The cells were run in Geiger mode, with an operating voltage on the
anode wires of 1800 V. In this regime, charged particles such as electrons
ionize some of the helium in the cell, which develops into a Geiger plasma

which propagates along the wire with a speed of 5cm/us. Plasma creation
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and propagation creates a voltage on the anode wire, which in turn develops

a current which is collected in the cathode rings.

In NEMO-3, the anode pulse amplitude was approximately 50 mV mea-
sured on 270 €2, providing a current of 200 pA for a total propagation time of
40 ns. The total charge of the plasma was approximately 1078 C, or equiva-
lently about 6 x 10! electrons. After triggering, each cell had a dead time of
about 500 ms, corresponding to the total ion collection time. The anode and
cathode signals for fired cells were converted to drift and propagation times

by the readout electronics, using the fast calorimeter signal as a trigger.

3.4 Calorimeter

The NEMO-3 calorimeter was composed of 1,940 optical modules de-
signed for the cylindrical geometry of the detector. They served the simulta-
neous functions of particle energy measurement, time-of-flight measurements,
and providing a fast trigger signal. Each module was composed of a plastic
scintillator block and a light guide bonded to a 3 inch or 5 inch PMT, with the
scintillator face oriented towards the isotopic foil. The scintillators hermet-
ically covered the inner and outer cylindrical walls of the detector, and also

had limited coverage on the top and bottom.

There were three types of scintillator blocks in the main calorimeter
walls: IN, EC, and EE. The inner detector wall was comprised of two columns
of IN blocks which were mirror-symmetric, while the exterior contained two

columns of mirror-symmetric EE (edge) blocks placed symmetrically about

47



a center column of EC (center) blocks. On the top and bottom of the detector,
there were four layers of scintillator blocks, each of a different type, known
as L1 - L4, increasing radially from the center. L1 and L2 were considered
"interior” blocks, while L3 and L4 were considered exterior. Scintillator block

details are provided in tables A.2 and A.3.

The scintillator blocks were placed inside the gas in the tracking cham-
ber to minimize energy loss in the detected electrons. The blocks were sup-
ported by the rigid detector frame, making it possible to position the PMTs

outside of the damaging helium gas.

To prevent loss of transparency to scintillation light while maintain-
ing a high enough efficiency for y-ray tagging, all blocks were produced with
a thickness of 10cm. While only about 2cm of scintillator are necessary for
measurement of any electrons in the regime of 1-10 MeV, the low Z of the
plastic scintillator results in a greatly reduced efficiency for y-rays, with the

only interactions being Compton scattering.

3.4.1 Scintillator Characteristics

The polystyrene (PS) scintillator material was chosen for its radiopurity
and to minimize electron backscattering. In addition to the PS, each scintil-
lator contains a primary dopant p-terphenyl (pTP) and a wavelength shifter
1,4-di-(5-phyl-2-oxazolyl) benzene (POPOP) chosen to move the fluorescence
to a frequency better suited to the PMT photocathode. Table A.1 shows the

mass fraction of PS, pTP, and POPOP by scintillator type.
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3.4.2 Photomultiplier Tube Characteristics

The IN, L1, L2, and L3 scintillator blocks were coupled to Hamamatsu
R6091 37 PMTs. These tubes have 12 dynodes and a flat photocathode (¢
= 76mm). The EE, EC, and L4 scintillator blocks were coupled to 6594
57 PMTs, which have 10 dynodes and a hemispherical photocathode (¢ =
127 mm) for structural integrity. Therefore, to match the design of the PMT

and the light guide, a second interface guide was necessary.

3.4.3 Light Guide Characteristics

For the scintillator-PMT interface, a polymethylmethacrylate (PMMA)
plexiglass light guide 60 mm thick was installed, and served a secondary pur-
pose by protecting the PMTs from helium in the tracking chamber. For 5”
PMTs, a second PMMA interface had to be constructed to fit the hemispheri-
cal shape of the PMT. To ensure rigidity, the light guide was glued to an iron
ring, which also served to complete the magnetic shield around the PMT. For
the L4 row of scintillators, a second iron ring was glued to the petals and then
on the 57 PMT’s light guide. The light guide was then optically glued to the

scintillator and checked for bubbles or other irregularities.

3.4.4 Coupling Between Scintillator and PMT

A major goal of the NEMO-3 calorimeter was to provide as uniform
an ADC response as possible across all optical modules. To account for vari-

ations in both PMT and scintillator response, PMTs with good quantum effi-
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ciencies and electron collection where paired with scintillators with poor light

efficiency and vice versa.

The process of matching PMTs and scintillators began by measuring
the ADC response at 1 MeV of each scintillator block, giving a mean value
and variance for all scintillators of (ADC) and oapc. Using these quantities,

a quantity p was defined for each scintillator:

_ ADC — (ADC)

0ADC

[ (3.1)

To characterize PMTs in an analogous fashion, the sensitivity was de-
fined as a ratio of photocathode current to photon flux, measured by the
Corning Blue value provided by Hamamatsu for each PMT and confirmed by
testing. As before, the mean and variance of CB values (C'B), o¢p were used

to define a quantity v for each PMT:
_ CB—-(CB)

0cB

v

(3.2)

An ideal association between PMT and scintillator was the case where
it ~ v. However, the procedure was constrained by the limited number of

PMTs and the requirement that three PMTs be attached to each HV channel.

3.4.5 Energy Calibration

To accurately and consistently measure the absolute energy released in
double beta decay, an absolute calibration system was installed in the NEMO-
3 detector. In addition, to monitor PMT gain fluctuations between absolute

calibrations, a laser energy survey was also used more frequently.
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The absolute calibration system consisted of 60 2°"Bi sources of 222 Bq
deployed into copper tubes between foil sectors. Calibration runs lasted ap-
proximately 24 hours and were carried out monthly. Between calibration runs,

the 207B1 sources were stored outside the detector volume.

207Bi emits conversion electrons with 482, 976, and 1682 keV energies.
Of these, the 482 and 976 keV lines are useful calibration points. Due to
multiple coulomb scattering in the tracking volume gas, in addition to energy
losses in the calibration tube windows, these electrons lose approximately 45

keV and 40 keV, respectively.

The full width at half maximum (FWHM) energy resolution at 1 MeV

is calculated from the width of the 976 keV peak assuming

Rewm(E) = %M(E) _ % (3.3)

where a is a constant varying from 0.014 - 0.032 for all blocks. This energy
resolution is assumed to have two main contributions: a principal component
from the statistical fluctuations of the scintillation photons and the number
of photoelectrons at the PMT anode, and a lesser dependence of 1 - 2 % (3”
PMTs) up to 10% for 5” blocks. The component from statistical fluctuations

increases as the square root of energy.

To account for the impact point dependence, the front face of each
scintillator was divided into nine (25) bins for blocks with 3” (57) PMTs,

arranged as a 3 x 3 (5 x 5) grid. ADC histograms were constructed for
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each impact bin and the 976 keV electron peak was refit to obtain A for the

resolution function.

For energies of 3MeV or more, a %°Sr source (with its daughter, *°Y)
was used less frequently for an additional high-energy data point. The end

point of the 3 spectrum of “°Sr is 2.283 MeV.

For a more detailed description of the 2°7Bi calibration source, see Ap-

pendix F.

3.5 Laser Time Corrections

To ensure accurate timing in the detector, a laser was used to determine
the relative time offset for each optical module. Light was sent through quartz
optical fibers to each module, and the timing offset was used to produce a laser

time correction (LTC) to be stored in the NEMO-3 database.

The offset was calculated as [83]

(TDC x k+T(ADC) + TT (laserlight) + €) = constant (3.4)

with T"DC' the mean digital value of the TDC in channels, k£ is the TDC
channel constant of 0.053 ns/channel, T(ADC) the transit time of the light
from laser to PMT, and e the constant necessary to keep the value constant
for all PMTs. The time resolution is between 265-290 ns. Laser calibration

runs were performed twice daily over the running time of NEMO-3 [78].
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Transition Qpp (keV) | Abundance (%)
130Te 136Xe | 2528.8 4 2.1 33.8
H6Cd —168n | 2804.7 4 4.2 7.5

82Se —82Kr 2995.2 + 3.3 9.2
10Mo —1Ru | 3034.8 £ 6.3 9.6

9%67r —9Mo 3350.0 £ 3.5 2.8
150Nd —1%9Sm | 3367.1 & 4.9 5.6

BCa —1Tj 4272.0 + 4.1 0.187

Table 3.1: Double beta decay isotopes used in the NEMO-3 detector, with
Q-values and abundance.
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Sector 06

Strip number 1 2 3 4 ) 6 7

Length 2425 | 2425 | 2423 | 2426 | 2425 | 2425 | 246

Width 63 65 65 65 65 65 63

M; (g) 58.34 | 62.15 | 65.15 | 75.03 | 71.33 | 62.88 | 60.79

M, (g) 48.83 | 52.23 | 55.08 | 64.41 | 60.91 | 52.92 | 50.93

M;s (g) 47.37 | 50.67 | 53.43 | 62.49 | 59.09 | 51.34 | 49.41

n (%) 97.02 | 97.02 | 97.02 | 97.02 | 97.02 | 97.02 | 97.02

Material Se(I)

Table 3.2: Description of sector 6 in NEMO-3 (Se(I)). Mass and 7 values are
taken from reference [78].
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Sector 07

Strip number 1 2 3 4 ) 6 7

Length (mm) | 2426 | 2423 | 2424 | 2423 | 2423 | 2423 | 225

Width (mm) | 63 65 65 65 65 65 63

M; 74.60 | 77.31 | 77.54 | 78.05 | 77.66 | 76.90 | 72.98

M, 64.21 | 66.58 | 66.79 | 67.28 | 66.91 | 66.19 | 62.69

M3 62.19 | 64.46 | 64.67 | 65.14 | 64.78 | 64.09 | 60.70

n (%) 96.82 | 96.82 | 96.82 | 96.82 | 96.82 | 96.82 | 96.82
Material Se(IT) (Composite)

Table 3.3: Description of sector 7 in NEMO-3 (Se(II)). Mass and 7 values are
taken from reference [78].
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Sector 08

Strip number 1 2
Length (mm) 2428 2428

Width (mm) 63 65
M; (g) 73.58 62.78
M, (g) 63.24 52.82
Ms (g) 61.31 51.25
n (%) 96.95 (mean value) | 97.02
Material 22%%)( iggg Ir;l:;l; Se(T)

Table 3.4: Description of sector 8 strips in NEMO-3 containing selenium. Both
Se(I) and Se(II) are present in strip 1 of sector 8. Mass and 7 values are taken
from reference [78].
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Sector 18

Strip number 1 2 3 4 ) 6 7

Length (mm) | 2432 | 2458 | 2456 | 2458 | 2458 | 2458 | 2433

Width (mm) | 63 | 65 | 65 | 65 | 65 | 65 | 63

M; (g) 56.03 | 68.64 | 70.39 | 83.96 | 78.11 | 69.47 | 64.58

M (g) 47.69 | 59.76 | 61.45 | 76.09 | 70.50 | 61.88 | 57.05

M;s (g) 44.45 | 55.70 | 57.27 | 70.92 | 65.71 | 57.67 | 53.17

n (%) 932 | 932 | 93.2 | 93.2 | 93.2 | 93.2 | 93.2

Table 3.5: Description of the M°Cd foil (sector 18 in NEMO-3). Mass and n
values are taken from reference [78].
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Block Type | Measured Riw sy (No Iml\;[)zéziuéi)cll";e{ctions)
EC 13.8 £ 0.3 15.6 £ 0.3
EE 13.5 £ 0.2 14.9 £ 0.2
IN 16.7 £ 0.2 16.8 £ 0.2
L1 14.9 £ 0.2 16.6 £ 0.2
L4 13.4 £ 0.2 14.7 £ 0.2

Table 3.6: Measured FWHM resolution at 1 MeV by block type [78].
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Chapter 4

NEMO-3 Analysis Strategy

The analysis of NEMO-3 data relies upon the accurate simulation of
physical processes to develop a model for expected signal and background
present in the detector. Relevant nuclear decays are generated using Monte
Carlo (MC) techniques to produce events of the type observed in NEMO-3.
Data and Monte Carlo events are reconstructed to generate tracks which are
associated to scintillators and subsequently used to select signal-like and reject
background-like events. From the selected data set, statistical tools are used
to calculate results for desired physics quantities, including signal efficiency
and purity, decay process half-lives, and likelihoods. This chapter details the
analysis flow in NEMO-3, signal fitting procedures, decay half-life calculation
and Ov(BB decay limits.

4.1 NEMO-3 Analysis Flow

NEMO-3 follows a multi-step analysis path which begins with simu-
lation of relevant processes, including 53 decays and contaminant radiation
to generate a model of observable spectra from known or postulated decay

parameters. Generated events are digitized by simulating detector effects and
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the output of electronics based on the true MC data. Using this information,

a basis for comparison between data and MC is made available.

A tracking algorithm is used to reconstruct particle paths in the track-
ing chamber and extrapolate tracks to positions on both the source foil and
calorimeter, to ensure to high probability that events are generated in the
source foil and deposit energy in the calorimeter. The energy deposited in the
calorimeter is measured by the emission of scintillation light detected by PMTs
in the optical module for data events, and for MC events the deposited en-
ergy is simulated based on detailed photon transport modeling of the NEMO-3

scintillators [84].

Tracking and calorimetric data are used to discriminate between elec-
trons, « particles, v rays, and positrons. Internal and external time-of-flight
hypotheses are constructed and tested using these data to discriminate against
backgrounds originating outside of the source foils. At this stage, broad topol-
ogy requirements for event types being studied, such single- or double-electron

events, electron-vy events, or electron-a events.

More specific analysis requirements may then be performed over the
reduced data and MC sets, allowing for selection of parameters which maxi-
mize the efficiency, purity, and signal to background ratio of the selected data.
The final selected background spectra are then combined to produce an overall
background model in the detector, and the signal MC is fitted to the (data -
background) spectrum to generate a best-fit activity value, from which a dou-

ble beta decay half-life is calculated.
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The final O3 analysis relies upon a limit-setting routine to determine
the likelihood of signal observation in the presence of expected background,
including an irreducible tail from the 2v53 signal spectrum. If no events are
reliably observed, the fit is used to generate a limit at 90% confidence level

from which a number of excluded signal events and lower half-life limit can be

deduced.

4.1.1 Event Generation and Reconstruction

NEMO-3 analysis begins with the simulation of Monte Carlo events
via the DECAY(0 [85] program. The 2v33 and Ovfpf signals as well as all
known or suspected background contaminants are generated and then propa-
gated through a virtual detector constructed in GEANT3 [86] to simulate the
effects of moving through the isotopic foils as well as multiple scattering in the

tracking chamber gas.

Data events and simulated Monte Carlo events that have been thus
digitized are then passed to the reconstruction algorithm, where information
from the Geiger cells and calorimeters is used to reconstruct a track from the
foil to the calorimeter. Because of the 25 G magnetic field in the detector,
electron tracks follow curved helices with a radius proportional to the energy
of the ejected electron. Tracks which reach the calorimeter are associated with

the specific scintillator activated.
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4.1.2 Topology Selection Requirements

To reduce the size of the data set under consideration, a first set of se-
lection requirements is submitted to select events which meet broad criteria for
the channel being studied. This step allows for selection of general event types,
while reducing the size of the data set and allowing more specific requirements
to be performed in a reasonable amount of time. The selection algorithm loops
over each event, rejecting events not meeting all criteria. Events which pass
all requirements are saved as a root ntuple containing a user-defined set of

histograms which can be used for further analysis.

At this level, events are selected based on the number and type of
particles reconstructed, such as two-electron or electron-gamma events. Infor-
mation requiring a connection to the NEMO-3 database, such as laser time
corrections, scintillator impact corrections, and presence or lack of as is also
selected at this stage. Additionally, events are selected based on their position
on the foil, removing all events except those in the sector containing the de-
sired isotope. a detailed list of requirements for each analysis channel will be

presented in their respective chapters.

4.1.3 Analysis Requirements

After the initial selection requirements as described in the previous
subsection, requirements based on specific observables can be performed for
selection of the final data set. In addition, because the most time-consuming

portion of the analysis process has already been performed, cut selection can be
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optimized at this stage on a blinded data set before being applied to all data.
At this stage, kinematic requirements based directly on physics observables
are applied, along with time of flight calculations, which are in turn used to
calculate probabilities for the internal and external hypotheses, described in
the next section. Once all requirements have been applied, the remaining

events are stored in histograms for final scaling and signal fitting.

4.2 Scaling and Fitting

To provide an acceptable background and signal model, an arbitrarily
large number of MC events are generated to minimize statistical fluctuations.
The resulting curve is then scaled based on the measured time ¢ and, in the
case of background, activity A measured via HPGe or within NEMO-3. To ac-
count for detector inefficiency, each distribution is also scaled by its simulated

efﬁciency
Nf
N,

g

€ (4.1)

where Ny is the number of selected events and N, is the total number of
events generated in the MC. The final number of scaled events for background

channel 7 is given by

In the case of a measured signal, the activity is unknown and must be
determined by a fit to the spectrum of (data - background). The TMinuit

routine in ROOT is used to calculate a log-likelihood minimization based on
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the probability of observing d events given a signal s and backgrounds b in

each bin 7:

The likelihood L is the product of probabilities in all bins:

k
L= Hpi (4.4)
=0
giving a log-likelihood
k
In(L) =Y —(si+b;) + diln(s; + b;) — In(d;) (4.5)

=0

The quantity —In(L) is minimized numerically with respect to the signal

to find the expected number of 2v5[ events:

8—ln(L):_1+Z 'di 831-:0 (4.6)

and its uncertainty oy is determined by the value of s such that In(L) is % its

maximum:

m@w»_m@@i%»:% (47)

4.3 Half-life Calculation

The overall goal of the 2v33 and Ov( decay channels is the measure-
ment of a decay half-life, which is determined based on the number of signal

events observed during the running time. Given a sample of N atoms with
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activity a and decay constant A,

(4.8)

Activity can also be measured given a number of measured signal events

N in time t, in a detector with efficiency e:

A:NS

(4.9)

~
)

Equating 4.8 and 4.9 allows for calculation of the half-life given mea-
surable observables:

The number of atoms in a sample of mass m of an isotope with atomic

mass A is given by

NAm
N = 4.11
4 (1.11)
where N4 is Avogadro’s number.
The final formula for a measured half-life is thus
~m - In(2) N4t
Typ = = n(2) N (4.12)

Ng- A
4.4 Neutrinoless Double Beta Decay Limit Determina-
tion

The final goal of any neutrinoless double beta decay experiment is to
observe a Qv signal. In order to conclusively make such a claim, it is neces-

sary to be able to discriminate between signal-like and background-like events
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to a reasonable certainty. In the event that no events above background are
observed, only a lower half-life limit may be set. The statistical tools for these

determinations are presented in this section.

4.4.1 Neutrinoless Double Beta Decay Half-life Sensitivity

In cases where a clear signal above background is not observed, only
a lower limit can be placed on the half-life. This limit is given with respect to
standard deviations corresponding to a desired confidence level. The sensitiv-
ity with which a detector can be expected to set a limit is given as [87, 88]:

In(2) x Naen | Mt
Ne A\l bA(E)

TY)5(ny) = (4.13)

where

n, is the number of standard deviations

N4 is Avogadro’s number

€ is the signal efficiency

M is the total source mass

7 is the source enrichment

b is the expected background, in units of Bq- kg=! yr—!

A(E) is the energy resolution at the Qgp value

t is the total time in years
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4.4.2 Limit Calculation

To determine the actual likelihood of signal exclusion in the case where
both expected number of signal and background events are small, a modified
frequentist confidence level calculation [89] is employed, using the test statistic
of the likelihood ratio to discriminate signal-like outcomes from background-
like ones. This calculation is too onerous to perform by hand, and is carried

out using the TLimit class in ROOT.

To define the likelihood ratio, first the probability of observing d; events

in channel 7 given signal s; and expected background b; is defined as

e—(si-‘rbi) <Si + bl)dz

and the probability given only background is defined as
e—bi b/jlb
B=— (4.15)

The likelihood ratio X is then calculated as the product of the ratio of

these quantities for all channels:

n n 6_(Si+bi)(3i + bi)di e—bibgli
x=][x=]1 ry x (4.16)

i=1 i=1
The CL for excluding the possibility of the simultaneous presence of

both signal and background events is

2 —(8itbi) (. \d:
e s; + b))%
CLgyy = Py (X < Xops) = | | c<l" ) (4.17)
X (d)<X(d;) i=1



where the sum runs over all possible outcomes (d;) with test statistics less than

or equal to the observed one.

A similar CL for the background-only hypothesis, C'Ly, is defined sim-
ilarly:
CLy = Py(X < Xops) (4.18)

The modified frequentist confidence level for observing a signal is then

taken as the ratio of the two hypotheses:

- CLS+b

L.
¢ CL,

(4.19)

and the quoted CL for exclusion is CL =1 — C'L;.
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Chapter 5

NEMO-3 backgrounds

The 2v3f5 and, to an even greater extent, Ov((3 processes are very
highly suppressed, and as a consequence have extremely long half-lives: on
the order of 1020 years for 2v33 and constrained to be greater than 10%
years for the theorized OvfS3. To make an accurate observation of such rare
processes, reduction of background contamination and accurate modeling of

irreducible contaminants is of the utmost importance.

In general, a background as it concerns NEMO-3 is anything which
can mimic the double-5 processes being measured. In the case of the 2v3j3
analysis, this definition applies to unwanted radioisotopes, a description of
which will be provided in this chapter. Additionally, in the cases of the light
Majorana exchange V-A and Right handed current Ov53 processes, the 2v53
spectrum provides an irreducible background due to finite detector resolution
confounding the spectra. The ability to differentiate this background from

signal is a major factor in sensitivity to Ovf5 detection.

The NEMO-3 detector was designed with the aim of background re-
duction. As described in section 3.1, several layers of shielding, including

the placement of the detector itself, were put in place to reduce natural back-
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ground. The LSM, with an overhead of 4,800 m.w.e, was well protected against
background radiation from cosmic rays. External shielding composed of layers
of iron, water, and wood protected the tracking chamber from both thermal
and fast neutrons and external v rays. To reduce the level of radon and its
daughter nuclei from natural ?3¥U decay in the rock surrounding the labora-

tory, a radon tent was installed in September 2004.

Measurement of the remaining backgrounds in NEMO-3 is a crucial
part of the analysis of NEMO-3 data. This chapter will describe the types of
backgrounds present in NEMO-3 during its runs, their mechanisms for mim-
icking double-beta decay, and their measurement using both HPGe detectors

and detector data.

A full description of backgrounds in the entirety of NEMO-3 can be

found in reference [90].

5.1 Background overview and measurements
The NEMO-3 analysis divided backgrounds into three types based on

their position of origin:

e Internal: Backgrounds originating from impurities in the isotopic source
foil. This dissertation will only discuss internal backgrounds originating

in the 16Cd and 82Se source foils.

e External: Backgrounds originating from outside of the source foil, in-

cluding the source frame, PMTs, and scintillators.

70



e Radon: Backgrounds whose source is the emanation of ?2Rn into the
NEMO-3 detector. The decays giving rise to these backgrounds and their

daughters are shown in Figure 5.1.

238 U 232 Th 235 U
U-238 U-234] U-235
i h4s5 107 704 16
yr ¥ yr
Pa—234n; Pa-231
Pa L17m 327 1d
B yr
Th-230) Th-232 Th-228 . .
Th |Th-234 7538 10 a l 14109 1912 yr T:ls ;3hl Tl‘:x;;z
24.10d vr yr 25.52 72
Ac-228
[Ac-227
Ac l l 6.15h l 21773 1 l
Ra-226| Ra-228 Ra-224] Ra-223]
Ra 1600 yr 575yt 3.66d 114354
l | |
[Rn-222 Rn-220) Rn-216
Rn — 5565 3965
: l l l
Po-218 Po-214] Po-210] Po-216 Po-212 Po-215
Po 310m 16430 s 138.376 145 ms 209 ns 1781 ms
Bi-214 Bi-210 Bi-212 Bi-211
Bi l 199 m l 5013d l l 60.55 m| l l 214m
Pb-214] =| |Pb-210] Pb-206 Pb-212] | |Pb-208 Pb211 Pb-207
Pb 268m | § l 23 yr l stable 1064h| 2 l stable Hlm l stable
TI-210 TI-206 TI-208 P’
Tl L3m 4.199m 3053 m| T;“T()"?

Figure 5.1: Decay chains of 238U, 232Th, and 23U. Pernicious daughters con-
tributing to the radon background in NEMO-3 are highlighted.

NEMO-3 detector components were measured by HPGe detector to
determine the amount of background they could be expected to contribute. In
several cases, only limits on radioactivity were possible by this method, and in

such cases it can be more effective to measure the contamination by developing
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best-fit models in single-electron or electron-y topologies which are sensitive

to particular background isotopes.

5.2 Internal backgrounds

Internal backgrounds arise from the contamination of the isotopic source
foil during the enrichment process. Events originating from inside the source
foil typically mimic double- decay in several ways, with three principal chan-

nels:

e [ decay with emission of an internal conversion electron.
e 3 decay with Moller scattering within the foil.
e (3 decay with emission of a v with subsequent Compton scattering inside

the foil.

In all three cases, the final-state topology visible to the detector is that of two
electrons, identical to that of double-beta decay. a diagram of internal decays

in NEMO-3 is shown in Figure 5.2
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Figure 5.2: Diagram of major processes by which contamination in the isotopic
source foil can mimic double-beta decay.

Prior to installation in the detector, the source foils were measured with
a HPGe detector [78]. While this technique is very useful for measurement
of ~ radiation, it is less sensitive to pure [ emitters which cause the bulk
of the background events as described above. To perform a more sensitive

measurement, the NEMO-3 detector itself was utilized.

Because internal backgrounds vary with foil position and isotope en-
richment process, the 19Cd and #2Se foil background models will be discussed

separately.

5.2.1 !M6Cd foil

The ''Cd foils are enriched to a value of 93.2%, with the remainder
giving rise to a small amount of contaminant '3Cd. In addition, other im-

purities are known to exist, including ?3*"Pa and ??®Ac, whose decay chains

73



include 2*Bi and ?°®T1. Additional backgrounds include “°K, 37Cs, and '2Bi.

Normalized spectra of these backgrounds are shown in figures 5.3 and 5.8.

Background Spectra

2285
'21zBi
'40K
. 2mp
__2l4py
_Wg
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Total Electron Energy, MeV
Background Spectra
. 228AC
\\ —21%j
40K
234mPa
137CS
Hr.”
‘\HH\HH\HH\ |.|
0.5 1 1.5 2 4.5 5

Total EIectron Energy, MeV

Figure 5.3: Spectra of backgrounds known to be present in the '*6Cd foils in
linear (top) and log (bottom) scales.
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A description of backgrounds in the cadmium foils, including their mea-
sured activities, is given in table H.1. a sample of expected background events

remaining after selenction is presented graphically in Figure 5.4.
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Figure 5.4: Spectrum of internal backgrounds remaining in the **Cd sector
of the source foil after event selection.

5.2.2 82Se foil

The #2Se foils are enriched to varying values, depending on their pro-
duction run. Se(I), some of which was recovered from the prior NEMO-2
experiment, was enriched to 97.02%), while Se(IT) was enriched to 96.82%. De-

tails of the 82Se foil enrichments and positions are provided in tables 3.2, 3.3,
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and 3.4. The remainder of the foil gives rise to the presence of several natu-
ral impurities, again including 23*™Pa and ??®Ac, along with their pernicious
daughters 2*Bi and 2°®T1. Normalized spectra of backgrounds present in the

82Se foils are shown in figures 5.5 and 5.8.
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Figure 5.5: Spectra of backgrounds known to be present in the 82Se foils in
linear (top) and log (bottom) scales.
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5.3 External backgrounds

External background events originate outside the source foil and mimic
double beta event final topologies. Because they do not originate inside the
source foil, a particle from the decay must interact with the foil in such a way as
to produce a final topology with two electrons, both of which cross the tracking
chamber and interact with a scintillator with sufficient energy to register as

an event.

In addition to contamination from ?*?Rn and ?°Rn, which will be dis-
cussed separately, °K, a naturally-occurring v, 8-, and 3% emitter present
with a T/ of 1.248 X 10° years, is a major contaminant which exists in many
components of the detector, including the frame, shields, scintillators, and

particularly the PMT glass.

Gamma rays originating from background events can interact with the

foil to mimic background events in several ways, principally:

e Pair production in the foil, with the positron misidentified as an electron.

e Double Compton scattering, resulting in two electrons being ejected from
the foil.

e Compton scattering, with the ejected electron subsequently Moller scat-

tering in the foil.

These processes are illustrated in Figure 5.6.

In addition, high-energy electrons or positrons can also cross the source

foil and interact with multiple scintillators. Such crossing electron events re-
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Figure 5.6: Diagram of major processes by which contamination in the detector
volume can mimic double-beta decay.

semble two-electron events originating in the foil, but can be differentiated by

the timing difference between the PMTs, as discussed in section C.

An example of an external « ray compton scattering in the source foil

and a crossing electron event are shown in Figure 5.7.

To accurately model the contamination in the detector, a background
model was developed based on measurements made with HPGe detectors in
NEMO-3 [90]. Monte Carlo events were generated in each individual compo-
nent of the detector with measured contamination. a brief description of each

MC component is provided in table 5.1.

5.3.1 Neutron flux

External neutrons can also contribute to the measurable background
in NEMO-3 via neutron capture, resulting in v-ray emission. Neutron flux in
the LSM was measured [91, 92] and an analysis of the data concluded that for

energies below 4 MeV, neutron backgrounds account for only 0.03% of total
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Figure 5.7: Top-down event displays of an external v ray Compton scatter-
ing in the foil (left) and an external crossing electron (right). Reconstructed
electron (positron) tracks, shown as red (dark blue) helices, are reconstructed
with a vertex on the source foil, shown in blue. After crossing the tracking
chamber, they deposit energy in a calorimeter, shown as cyan boxes. Pink
boxes represent petal calorimeters.

events and can be neglected for double beta analysis [90].

5.4 Radon backgrounds

In addition to the contaminants discussed in section 5.3, events originat-
ing from the decay chains of naturally-occurring ?**U and 23?Th are accounted
separately. These isotopes decay to gaseous 2??Rn and ??Rn, respectively,
which ultimately give rise to 2!Bi and 2°*Th, both of which are troublesome
isotopes which emit high-energy 5 and ~ rays. These isotopes are of particu-

lar concern because they can mimic double-beta events in the range of Qgg of
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candidate isotopes in NEMO-3. 21°Bi, a product of natural ?**U decay chain,
is also included as a radon background.

Background events originating from the 2'*Bi—2'Po (BiPo) chain are
readily identified by the emission of a delayed a particle emitted from the
daughter 2*Po nucleus.

The background model for the distribution of these isotopes is described
in table 5.2 and a description of the most relevant decays of 2!4Bi and 2%T1 as

they relate to NEMO-3 is contained in Appendix G.

214Bj and 2°®TI Spectra

-  214p:
0.85 Bl
2 [ 208
D os6H T TI
2 0
2 |
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<
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07\H\MH\\HH\HH\HH\HHMH L b

0 0.5 1 15 2 25 3 3.5 4 4.5 5
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Figure 5.8: Spectra of 2Bi and 2°*T1 combined energies for events mimicking
two-electron decays.
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Figure 5.9: Example of 2'*Bi-2'"Po events in NEMO-3, shown in a top-down
event display. A reconstructed electron track is shown in red, and a delayed
a track, shown in green, leave the source foil, shown in blue (left) or tracking
chamber wire (right). Inner and outer wall scintillators are shown in cyan and
petal scintillators are shown in pink.

5.4.1 Phasel

The initial phase of data taking in NEMO-3, termed Phase I, com-
menced in February 2003. However, measurements of 22Rn in the detector
remained unacceptably high due to outgassing from the rock surrounding the
laboratory. Measurements of ?*?Rn during this phase are shown by run in

Figure 5.10.
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Figure 5.10: Measured ??Rn by run in Phase I (April 2003 - September 2004,
top) and Phase II (October 2004 - December 2010, bottom). Spikes in the
222Rn level correspond to dates for which the anti-radon system was turned
off as a result of power loss, calibration, or other perturbations [93].
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5.4.2 Phase II

After September 2004, a radon tent was installed around NEMO-3 to
reduce the contamination within the detector. The period from the installa-
tion of this tent until the end of data taking is known as Phase II, and as
a consequence the average radon level in NEMO-3 was demonstrably lower, as
shown in the lower half of Figure 5.10. Several periods of markedly increased
222Rn activity occurred during Phase II, including during and after a fire in the
Fréjus tunnel in June 2005. In cases where Radon activity is above acceptable
levels, data runs are rejected as unacceptable for inclusion in the analysis. For
included runs, the measured Radon levels are accounted for during the analy-
sis by weighting the the contribution of Radon-chain backgrounds at the time

of selection.

MC designation Description
swire Geiger wire surfaces
sfoil Source foil surface
sscin Scintillator surfaces

Table 5.2: Description of the radon background model distribution in NEMO-
3.
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MC designation Description

exbg2 LSM air

exbg4 Iron shield

exbgb Central tower
exbg7 Iron petals

exbg8 PMT magnetic shields

exbgll PMT glass

exbgl7 Copper above petals
scii Internal wall scintillators
scio External wall scintillators
scip Petal scintillators

Table 5.1: Description of the external background model with accompanying
Monte Carlo designation.
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Chapter 6

Single Electron Background Measurements

Of paramount importance in the measurement of 2v35 and 0vf3( sig-
nals is a thorough understanding of the backgrounds present in the detector.
To achieve this goal, a major component in the analysis of NEMO-3 data is
the measurement of all known contaminant radioisotopes. The initial back-
ground model as measured by high-purity Germanium (HPGe) detectors is
comprised entirely of isotopes which are either pure [ emitters or [ emitters
to an excited state, with subsequent release of a v. However, in several cases
the HPGe measurements were only able to set upper limits on background

levels, and thus a more accurate measurement using the in situ capabilities of

NEMO-3 was possible.

As such, this chapter seeks to describe measurements of background
contaminants using only events for which a single electron is detected. Mea-
surements of emitters which decay to an excited state and subsequently release

a y-ray are described in chapter 7.
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6.1 Single-Electron Selection Requirements

To accurately select background-like events, single-electron events are
selected to best model the contamination expected in the detector. Note that
unlike channels which contain multiple electrons or electrons and ~ rays, time
of flight calculations cannot be constructed for single electron selection. Se-
lection cuts to achieve this goal can be divided into several categories, moving

outward from the foil:

6.1.1 Foil Vertex Requirements

Beginning in the source foil, events are selected to match final-state
topologies of desired two-electron events. Electron tracks are extrapolated to
an origin in the source foil, selecting only those that arise in an appropriate po-
sition for the analysis. Selection requirements are also applied to select against
high-energy “hot spots” which display unacceptably high levels of background
contaminants. a description of individual selection requirements on track ver-
tices is presented below.

e Event origins are reconstructed on the source foil.

e Events originate in the correct sector of the source foil (Sector 18 for
H6Cd, and Sectors 6 - 8 for #2Se, as described in sections 3.2.4 and 3.2.3,
respectively).

e Events must not originate in high-contamination hot spots (see sec-

tion 6.2 and 6.3 for descriptions).
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e Events originate with a vertical foil position of < + 120 cm from the

center.

6.1.2 Tracking Requirements

Selection requirements are applied on the reconstructed particle tracks
within the tracking chamber, requiring that particles have tracks characteristic
of electrons which exit the source foil, traverse the tracking chamber, and enter
the calorimeter. Individual selection requirements are described below.

e Events contain one track consistent with electron curvature and associ-
ated to one scintillator.

e Events must register a hit in the first two layers of Geiger cells (0 or 1).

e Events which hit inner layer petals are rejected.

e Events which hit outer layer petals must register a hit in Geiger layer 4 or 5.

e Events which hit main wall calorimeters must register a hit in the last
two Geiger layers (7 or 8).

e FElectron tracks must be a minimum of 50 cm.

6.1.3 Calorimetry Requirements

Calorimetric requirements are applied to ensure that each selected elec-
tron deposits sufficient energy for accurate measurement by the NEMO-3
calorimeter, as well as to reduce scattering from neighboring scintillators and
mis-measurement from noisy PMTs. Additionally, laser time corrections must
also exist in the database to ensure accurate event timing.

e Electrons must deposit a minimum of 500 keV in the scintillator.
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e Electrons must enter the front face of the scintillator.

e The PMT associated with the track must have a laser time correction.

e The PMT associated with the track must not have excessive electronic noise.

6.2 '9Cd Foil Description

Projecting the vertex of all selected le events from the 1'Cd sector
reveals that there are distinct regions of high activity, resulting from contami-
nation occuring largely at the end of individual foil strips and visible clearly in
Figure 6.1. In addition, contaminated areas at the top and bottom of the foil
are also evident; these events originate in the clips with which the source foil
is attached to the frame. As described in section 6.1.1, events originating in
either foil hot spots or in the foil clips (defined as events outside < + 120 cm

from the foil center), are rejected.

The 1°Cd foils are divided into a low-activity and a high-activity region
based on their enrichment levels to provide a more accurate measurement.
High-energy hot spots are rejected. Individual region vertex projections for

the low- and medium-activity regions are shown in Figure 6.2.
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Figure 6.1: Top: Positions of 1Cd single-electron events on the source foil.

The X axis refers to the sector position in NEMO-3.
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entirety of sector 18. Bottom: View of individual foils composing Sector 18. I

and II refer to the '**Cd productions.
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Figure 6.2: Vertex positions of single-electron events in the low- (top) and
medium-activity (bottom) regions of the 1°Cd foil.
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6.2.1 Phasel

Measured single-electron energy spectra are shown for the low-activity
(medium-activity) region in figures 6.2.1 and 6.2.1) in Phase I with best-fit
values for the isotopes “°K, ?*¥"Pa, and ?'°Bi shown in yellow, orange, and

cyan, respectively. Measured best-fit activities for these isotopes are given in

Table 6.1.
Isotope Location LOW—ACtiVity chion Nledlllrl{t;ﬁitlva
Activity (mBa) Activity (mBq)
0K Internal Source Foil 3.39 £+ 0.05 8.39 + 0.04
284mPpy | Internal Source Foil 0.36 £ 0.10 1.01 + 0.12

210Bi

Foil Surfaces

(2.12 + 0.01) x 10?

Table 6.1: Summary of background isotopes measured in the single-electron
channel for 'Cd in Phase I. Spectra for 2Bi (yellow), ?*¥™Pa, and 40K (cyan)
are shown with best-fit values to the data (black points) after the inclusion
of combined internal (blue), external (dark green), and radon (light green)

backgrounds.
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6.2.2 Phase II

Measured single-electron energy is shown for the low-energy region (Fig-
ure 6.2.2) and medium-energy region (Figure 6.2.2) in Phase IT with best-fit
values for the isotopes “°K, ?*¥"Pa, and ?'°Bi shown in yellow, orange, and

cyan respectively. Measured best-fit activities for these isotopes are given in

Table 6.2.2.
Isotope Location Low-Activity Region Medil}l{r:—f)itivity
Activity (mBq) Activié (mBq)
40K Internal Source Foil 3.370 £+ 0.10 8.40 + 0.11
284mPpy | Internal Source Foil 0.36 £ 0.38 0.997 £ 0.35
210Bi Foil Surfaces (1.25 + 0.01) x 10°

Table 6.2: Summary of background isotopes measured in the single-electron
channel for Phase II in *¢Cd.
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6.3 %Se Foil Description

As noted in section 3.2.3, the %2Se foils were made in two different
batches, known to have slightly different enrichment values. In addition, sev-
eral high-activity “hot spots” were also known to be present from prior expe-
rience from their usage in NEMO-2. Furthermore, the relatively high-activity
207Bi calibration source windows also contributed to background in their vicin-
ity. A plot of single-electron event vertices projected onto the foil before and

after removing these hot spots is shown in Figure 6.7.

6.4 32Se One-Electron Results
6.4.1 Phasel

The fitted electron energy spectrum for the 32Se sectors is shown in
Figure 6.4.1. The isotopes “°K and ?3¥"Pa are fitted separately for Se(I) and
Se(IT) sectors, while 21°Bi is fitted as an external background are displayed in
orange and cyan, respectively, in the Se(I) sectors and grey and red in Se(II).

Best-fit values are given in table 6.3.
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Phase 1

Isotope Location Se(I) Activity Se(II) Activity

0K Internal Source Foil | (5.82 + 0.63) x1072 | (4.26 + 1.4) x10~2

234mPa | Internal Source Foil | (1.25 4 0.43) x1072 | (4.24 + 1.4) x1072

210B; Foil Surfaces 2.66 + 0.01

Table 6.3: Summary of background isotopes measured in the single-electron
channel.
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Figure 6.7: Single-electron event vertices projected onto the source foil in
the 32Se sectors before (top) and after (bottom) removing high-activity “hot
spots”.
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Figure 6.8: Electron energy spectrum for the 82Se Phase I data set in linear
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6.4.2 Phase II

The fitted electron energy spectrum for the 2Se sectors is shown in
Figure 6.4.1. “°K is fitted separately for Se(I) and Se(II) sectors, while 219Bi
is fitted as an external background. These isotopes are shown in orange and
cyan, respectively, in the Se(I) sector and in grey and red in Se(II). Best-fit

values are given in table 6.4.2.

Isotope Location Se(I) Activity Se(II) Activity

0K Internal Source Foil | 4.30 £+ 2.07 5.40 £+ 2.32

234mPa | Internal Source Foil | 1.51 4 1.23 | (1.78 & 0.08) x10~2

210B; Foil Surfaces 1.69 + 0.01

Table 6.4: Summary of background isotopes measured in the single-electron
channel.
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Figure 6.9: Electron energy spectrum for the 2Se Phase II data set in linear
(top) and log (bottom) scales. Best-fit values for234mPa K are shown for
the Se(I) (Se(II)) sample in orange and cyan (grey and red). Best-fit values of
214Bi and 21°Bi are shown in yellow and pink.

102



6.5 Single-electron Measurement Summary

Single-electron events recorded in NEMO-3 have been used to measure
the contamination from [ emitters originating in the NEMO-3 internal source
foil, detector structure, and radon present in the detector. Cadmium source
foils have been divided into low- and medium-activity regions for analysis, and
each has been analyzed separately to fit the levels of 21°Bi, “°K, and 234mPa
contamination. The same [-emitting contaminants were measured in the Se-
lenium source foils, with internal contamination from *°K and 23*"Pa fitted
separately for the two Selenium enrichment regions. Results were reported for

all foil regions in both Phase I and Phase IT of NEMO-3 data taking.

Background levels have been measured more precisely in situ than
previously-measured HPGe limits, allowing development of a more accurate

background model for the 2v54 and Ov3/3 channels.
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Chapter 7

Electron-y Background Measurements

In combination with the single-electron channel as described in chapter
6, the electron-vy (lely) and electron-yy (1le27) channels are utilized in mea-
suring the contamination in NEMO-3. The lely and 1le2vy channels are par-
ticularly sensitive to the pernicious isotopes 2°®T1 and 2'“Bi, both of which are
[ emitters which decay to excited nuclear states. Detailed information about

decays of these isotopes relevant to NEMO-3 is available in Appendix G.

This chapter will describe the selection and measurement of back-
grounds in the lely and le2y channels and provide results to be used in

the final background model of NEMO-3 for double beta decays.

7.1 Electron-y Selection Requirements

To accurately model the background contamination in the electron-v
channel, selection cuts were chosen to best reconstruct events from the target
isotopes 2!Bi and 208T1. Cuts are separated by type, moving outward from

the source foil.
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7.1.1 Foil Vertex Cuts

Beginning in the source foil, events are selected to match final-state
topologies of desired electron-y events. Electron tracks are extrapolated to
an origin in the source foil, selecting only those that arise in an appropriate
position for the analysis. Selection requirements are also applied to select
against high-energy “hot spots” which are observed to have unacceptable levels
of background contaminants. a description of individual selection requirements
on track vertices is presented below.

e Events originate in the source foil.

e Events originate in the correct sector of the source foil (Sector 18 for
H6Cd, and Sectors 6 - 8 for 82Se, as described in sections 3.2.4 and
3.2.3, respectively.

e Events must not originate in high-contamination hot spots.

e Events originate with a vertical foil position of <4 120cm from the

center.
7.1.2 Tracking Cuts

Selection requirements are applied on the reconstructed particle tracks
within the tracking chamber, requiring that particles have tracks characteristic
of electrons which exit the source foil, traverse the tracking chamber, and enter
the calorimeter. Photons are non-ionizing particles, and thus do not leave
tracks in the chamber. Electron tracks must have sufficient length to allow for

calculation of internal and external time-of-flight hypotheses, which are then
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applied to further distinguish between events originating in the foil and those

arising elsewhere. Individual selection requirements are described below.

Events contain one track consistent with electron curvature and associ-
ated to one scintillator and one scintillator hit unassociated to any track.
Electron tracks must register a hit in the first two layers of Geiger cells
(0 or 1).

Events which hit inner layer petals are rejected.

Electrons which hit outer layer petals must register a hit in Geiger layer
4 or 5.

Electrons which hit main wall calorimeters must register a hit in the last
two Geiger layers (7 or 8).

Electron tracks must be a minimum of 50 cm.

Internal time-of-flight probability for the event must be greater than
10%.

External time-of-flight probability for the event must be less than 1%.

7.1.3 Calorimetry Cuts

Calorimetric requirements are applied to ensure that each selected elec-

tron deposits sufficient energy for accurate measurement by the NEMO-3

calorimeter, as well as to reduce scattering from neighboring scintillators and

mis-measurement from noisy PMTs. Photons recorded in the calorimeter must

be unassociated to any tracks. Additionally, laser time corrections must also

exist in the database to ensure accurate event timing for the calculation of

time-of-flight hypotheses.
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Electrons must deposit a minimum of 500 keV in the scintillator.

~s must deposit a minimum of 200 keV in the scintillator.

Electrons must enter the front face of the scintillator.

The PMT associated with the track must have a laser time correction.

The PMT associated with the track must not have excessive electronic

noise.

7.2 116Cd Electron-y Results

This section describes the measurement of 2'4Bi and 2°®T1 contamina-
tion in the '%Cd sector of NEMO-3. Best fits for the background model are
shown broken down by phase (I and II) and are shown separately for the low-

and medium-activity regions.

7.2.1 Phasel

Energy spectra for the emitted electron and ~ ray are shown for the low-
activity region (medium-activity region) in Figure 7.2 (Figure 7.3). Combined
electron-vy energies are shown in figures 7.1 and 7.4. Best-fit values for isotopes
fitted in the electron-y channel are presented in Table 7.2.1 for the medium-

and low-actvity regions.
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Medium Activity Low Activity Region

Isotope Location Region Activity (Bq) Activity (Bq)

21B; Foil Surface | (8.54 + 0.66) x 1072 | (7.67 4+ 0.05) x 1072

208T] Foil Internal | (4.0 £ 0.01) x 107 | (1.70 £+ 0.05) x 1072

214B;4 Wire Surface 1.12 + 0.02

Table 7.1: Summary of measured background activities in the electron-y chan-
nel for Phase I.
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Figure 7.1: Combined electron-y energy for the Phase I low-activity region
116Cd data set. The 21Bi spectrum (yellow) has been fitted to the data (shown
as black points) after inclusion of internal (blue), external (dark green), and
radon (light green) backgrounds. The contribution from 2*®T1 is too small to
be visible.
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7.2.2 Phase I1

This section presents results of measurements of electron-vy emitters

in Phase II of NEMO-3. Energy spectra for the emitted electron and ~ ray

are shown for the low-activity region (medium-activity region) in Figure 7.5

(Figure 7.11). Combined electron-v energies are shown in figures 7.6 and 7.12.

Isotope Location Se(I) Activity (Bq) | Se(Il) Activity ( Bq)
214B; Foil Surfaces | (2.38 £ 0.28) x 1072 | (3.42 + 0.20) x 1072
208 Foil Internal | (1.75 + 0.12) x 107° | (4.00 + 0.08) x 10~°
2144 Wire Surfaces 0.20 + 0.02 0.20 + 0.02

Table 7.2: Summary of measured background activities in the *Cd electron-v
channel for Phase II.
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7.3 %Se Electron-v Results

This section will describe the results of measurements of the %2Se foils
using the electron-vy channel. Results are presented separately for Phase I and

Phase II.

7.3.1 Phasel

Measured electron and 7 energies from events in the #2Se foils are shown
individually in Figure 7.9. The combined electron-y energy is shown in Fig-
ure 7.10. Table 7.3 presents best-fit values for measured isotopes in both Se(I)

and Se(II) foil sections.

82Se (1)

Activity (Bq) Se (IT) Activity (Bq)

Isotope Location

211B;j Foil Surface | (5.17 + 0.05) x 1072 | (5.17 + 0.05) x 1072

208T] | Foil Internal | (0.46 + 0.67) x 1073 | (0.55 + .0.74) x 10-3

214Bj Foil Surface 1.44 £ 0.02 1.44 £ 0.02

Table 7.3: Summary of measured background activities for 82Se in the electron-
~ channel for Phase I.
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7.3.2 Phase I1

This section presents results of measurements of electron-vy emitters

in Phase II of NEMO-3. Energy spectra for the emitted electron and ~ ray

are shown for the low-activity region (medium-activity region) in Figure 7.5

(Figure 7.11). Combined electron-y energies are shown in figures 7.6 and 7.12.

Isotope | Location actjiiStGy <(I%3q> Se (II) activity (Bq)
214B; Foil Surface | (6.30 £+ 0.06) x 107 | (6.30 £ 0.05) x 1072
208 Foil Internal | (0.36 4+ 0.60) x 107% | (1.75 + 1.32) x 1073
214Bj4 Foil Surface 1.44 £+ 0.02 (1.7 + 0.02) x 1072

Table 7.4: Summary of measured background activities for 82Se in the electron-
~ channel for Phase II.
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7.4 Electron-yy Channel

As another check on the internal 2°*T1 contamination in NEMO-3, par-
ticularly in the source foils, the electron-vvy topology was exploited. This
channel is dominated by 2°*T1 events originating in the source foil, and can be

used to measure this isotope largely independent of other contaminants.

Electron emission in 2°®T1 is accompanied by a 2,615keV ~ ray, along
with a « of either 583 or 860 keV. Selection cuts are chosen in a manner similar

to those of the electron-y channel, with the following additional requirements:

e Events contain one electron and two v events unassociated to any track.
e The greater-energy v must have energy greater than 1,800 keV.
e The lesser-energy v must have energy greater than 200 keV.
The requirement that one v ray be above 1,800keV in particular suppresses
most other backgrounds, most notably ?'*Bi, leaving a sample dominated by

208T1.

7.4.1 ''Cd Electron-yy Results

Electron-yy measurements were performed over the combined low- and
medium-energy region in *%Cd to maximize available statistics. Results of
fitting the internal 2°®T1 Monte Carlo to the data - background spectra are
shown for the electron energy spectrum in Figure 7.13 and combined v energies
in Figure 7.14. The fitted value of 2°8T1 for 1*°Cd is (0.30 £ 0.03) x 1073 Bq,

in agreement with HPGe limits.
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Figure 7.13: Electron energy spectrum for the ey~ channel in *°Cd in linear
(top) and log (bottom) scale. The best-fit value to the data (shown as black
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7.4.2 %2Se Electron-vy Results

Electron-vvy measurements were performed separately for the Se(I) and
Se(IT) samples, as previously-measured values taken by HPGe reported differ-
ent limits in the two sections. Results of fitting the 2°T1 Monte Carlo to the
data - background spectra for each sector are shown below. Electron energies
are shown for the Se(I) sector in Figure 7.15 and for the Se(II) sector in Fig-
ure 7.17. Fitted results of the v energies are shown for Se(I) in Figure 7.16
and for Se(II) in figure 7.18.

Internal source foil 2*8T1 values are measured at (1.36 & 0.04) x 1073 Bq
(Se(I)) and (1.75 + 0.15) x 1072 Bq (Se(II)). Both measurements taken in
the 32Se sectors are in conflict with HPGe measurements taken of the foils,
suggesting that better v identification techniques could be employed in future

studies to constrain the number of selected events.
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Figure 7.15: eyy channel electron energy distributions for the Se(I) sample.
The best-fit value to the data (shown as black points) for the contribution
from 2%®T1 is shown in orange.
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Figure 7.17: ey channel electron energy distributions for the Se(II) sample.
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The best-fit value to the data (shown as black points) for the contribution
from 2%8T1 is shown in yellow.

130



7.5 Electron-y Measurement Summary

In combination with the single-electron channel measurements taken
in chapter 6, further refinements to the background model have been made
using electron-gamma events, particularly for the pernicious isotopes of 214Bi
and 2°®T1. Events with an electron and two gammas were also investigated
for use in constraining 2°°T1, but the results were found to be in tension with

measured HPGe values for the ®2Se samples.

The results of these chapters can now be used to make a background
model for both 'Cd and %2Se. Accurate determination of contaminant ra-
dioisotopes in the single electron, electron-y, and electron-yvy channels has
provided for the development of this model at levels more sensitive than HPGe
measurements, contributing to a more accurate measurement of the 254 half-

life and ultimately the Ov3/3 process.
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Chapter 8

Two Electron Channel Analysis

The measurement of two-neutrino double beta decay is a major physics
goal of NEMO-3, both for its own sake in addition to the a way to provide
an estimate of the irreducible background the tail of the spectrum contributes

to the neutrinoless decay signal window.

This measurement is carried out using the background model developed
with input from the single electron and electron-gamma channels described
earlier. The 2v3( signal Monte Carlo is fitted to the background-subtracted
data spectrum using a log-likelihood fit to determine the overall signal activity,

which is converted to a decay half-life.

In this chapter, the measurement of '%Cd to the ground state of 16Sn
and #Se to the ground state of ®2Kr via the 2033 transition are described.
Optimization of the selection criteria for both isotopes and a comparison of the
HSD and SSD hypotheses for 1**Cd are also discussed before the determination

of a final 2v33 half-life result is presented.
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8.1 Two Electron Selection Requirements

Final selection cuts are given below, in order of origin in the source foil

to interaction with the calorimeter.

8.1.1 Vertex requirements

Beginning in the source foil, events are selected to match final-state
topologies of desired two-electron events. Electron tracks are extrapolated to
an origin in the source foil, selecting only those that arise in an appropriate
position for the analysis. Selection requirements are also applied to select
against high-energy “hot spots” which are known from other channels to have
unacceptable levels of background contaminants. Furthermore, events whose
track vertices are too far apart are rejected, as desired events originate in
a single nucleus. A description of individual selection requirements on track
vertices is presented below.

e Reconstructed foil vertices are in the correct foil sectors (sector 18 for
116Cd, sectors 6-8 for 82Se).

e Events originating in high-activity hot spots are rejected.

e Reconstructed foil vertices are within 2 cm in the XY direction.

e Reconstructed foil vertices are within 4 cm in the Z direction.

e Events must be within + 120 cm of the foil center in the Z direction.
8.1.2 Tracking requirements
Selection requirements are applied on the reconstructed particle tracks

within the tracking chamber, requiring that particles have tracks characteristic
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of electrons which exit the source foil, traverse the tracking chamber, and
enter the calorimeter. Electron tracks must have sufficient length to allow for
calculation of internal and external time-of-flight hypotheses, which are then
applied to further distinguish between events originating in the foil and those
arising elsewhere. Individual selection requirements are described below.
e Two tracks are reconstructed with curvature consistent with negative
charge.
e Tracks must be associated with fired scintillators.
e Total track length exceeds 60 cm.
e Each track has a Geiger hit in the first two layers of cells (0 or 1).
e Tracks ending at internal petal scintillators are rejected.
e Tracks ending at external petal scintillators are required to have a Geiger
hit in layer 4 or 5.
e Tracks ending at main wall calorimeters are required to have a Geiger
hit in layer 7 or 8.
e Tracks must have a calculated internal probability greater than 1%.
e Tracks must have a calculated external probability less than 1%.
e Events with a delayed « track are rejected.

e Events must have < 2 Geiger hits which are not assigned to a track.

8.1.3 Calorimeter requirements

Calorimetric requirements are applied to ensure that each selected elec-

tron deposits sufficient energy for accurate measurement by the NEMO-3
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calorimeter, as well as to reduce scattering from neighboring scintillators and
mis-measurement from noisy PMTs. Additionally, laser time corrections must
also exist in the database to ensure accurate event timing for the calculation
of time-of-flight hypotheses.
e Each electron must have an energy greater than 200 keV, and the com-
bined energy must be greater than 400 keV.
e Electrons must enter the scintillator at the front face.
e Electron events are rejected if they are in adjacent scintillators, including
diagonals.

e Laser time corrections must exist for the activated scintillators.

8.2 Selection criteria optimization

to determine the most beneficial criteria for distinguishing between
signal-like and background-like events, analysis cuts were studied on a blinded
set composing approximately 20% of the total NEMO-3 data. To determine
the usefulness of a given cut, the efficiency e, purity 7, and € X 7 were mea-
sured for varying values of each variable under consideration while all others
were held constant. Selected signal to background and signal to square root
of background ratios were also considered in the determination; in general,

greater values of €, purity, ¢ x =, S/B, and S/v/B are desirable.

Efficiency is defined as the ratio of selected final signal events to total

generated signal events, and purity is defined as

S
TS+ B) (8.1)
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for S signal and B background events. Detailed results from the selection

optimization are given in Appendix E.

8.3 Systematic uncertainties

A full understanding of measurements of the 2v3/ spectrum requires
a detailed knowledge of the uncertainty introduced by the detector used; in
NEMO-3, a great deal of effort has been expended to ensure that the system-

atic uncertainties are well-understood. Uncertainties are introduced in:

Source enrichment percentage (mass):

— 0.2% uncertainty on "°Cd mass; see discussion in section 3.2.4

— 0.5% uncertainty on %2Se mass

External background Monte Carlo uncertainty of 10% [90]

Internal background Monte Carlo uncertainty of 5% [90]

Calorimeter energy resolution uncertainty of 1% [94]

2v[3 signal efficiency uncertainty, calculated at 5% [95] and comprised
of:

— Electron track AXY vertex uncertainty

Electron track AZ vertex uncertainty

— Positron misidentification of 3% at high energy (>3 MeV) [78§]

Uncertainty of geometric acceptance of events in the NEMO-3 de-

tector
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2vBp

To determine the effect of each individual uncertainty on the final T7] /2 s

each systematic was varied independently and propagated through the signal
fitting and T,/ calculation; the results were added in quadrature to deter-
mine an overall systematic uncertainty value. A detailed description of each

calculation is given below.

As discussed in section 4.3, the 2v44 half-life (equation 4.12) is linear
in both mass and signal efficiency; therefore, variations in these quantities are

passed directly in the overall systematic uncertainty.

The uncertainty in signal efficiency is introduced by the imperfect mod-
elling of the NEMO-3 detector in GEANT-3, as well as uncertainty in the track

reconstruction algorithm.

Uncertainty of external (including radon) background Monte Carlo is
largely due to imperfect knowledge of vy-ray flux in the detector. To determine
the effect such an error, each background was re-scaled to reflect the maximal
case of 10% increase (decrease), after which the 2v35 signal was fitted to the
data - background spectrum and the half-life recalculated to give an upper
(lower) half-life value. Internal backgrounds were simulated at 5% uncertainty
and within their individual statistical error in analogous fashion to provide

upper and lower half-life values.

Calorimeter energy resolution uncertainty was simulated by adding
a “smearing’ term to each electron energy prior to making selection cuts. The

smearing term G consisted of the 1% uncertainty multiplied by a randomly-
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generated number following a Gaussian distribution with 4 = 0 and o = 1,

giving a “smeared” energy of
E — E x (1+0.01G) (8.2)

The energy spectra thus modified were then passed through the selection cuts

and fitting procedure as normal.

A summary of systematics for 1*°Cd is shown in table 8.3, and table 8.3

presents a summary of systematics for %2Se.

8.4 Two-Electron Results

In this section, the agreement of data and MC after all data selection
cuts have been applied will be presented and discussed for individual data sets
and ultimately for the combined set of data for the lifetime of NEMO-3 for
both 16Cd and #2Se.

8.4.1 6Cd Two-Electron Measurements

After fitting the 232v signal in each of the four data sets, all data
sets were added together for a final half-life measurement. Figure 8.1 shows
the combined two-electron energy distribution for the entire selected cadmium
data set. Greater- and lesser-energy electron spectra are shown in Figure 8.2.
This section assumes that the decay occurs via the SSD hypothesis. Following
the discussion of results, a comparison of the SSD and HSD hypotheses is

discussed.
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Systematic Uncertainty Uncertainty
Mass 0.2% 0.2%
Signal efficiency 5% 5%
External Background Monte Carlo 10% 0.6%
Internal Background Monte Carlo 5% <0.1%
Calorimeter Energy Resolution 1% 0.26%
Total 5.05%

Table 8.1: Summary of systematic uncertainties for *6Cd.

Measured cosine values between electron tracks and calculated internal
time-of-flight probability are shown in Figure 8.8. Vertex distributions shown
by sector and vertical position are shown in figure 8.4. Results and figures of

merit for the combined data set are summarized in table 8.3.

139



Systematic Uncertainty T?% g Uncertainty
Mass 0.5% 0.5%
Signal efficiency 5% 5%
External Background Monte Carlo 10% 0.5%
Internal Background Monte Carlo 5% 1.5%
Calorimeter Energy Resolution 1% <0.1%
Total 5.25%

Table 8.2: Summary of systematic uncertainties for 3?Se.
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Figure 8.1: Two-electron combined energy for the combined 'Cd data set.
The best-fit value for the 2053 combined electron-energy spectrum is shown
in red, fitted to the data (shown as black points) after the inclusion of internal
(blue), external (dark green), and radon (light green) backgrounds.
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Figure 8.2: Energy of the lesser-energy electron for the combined 5Cd data
set. The 2v(3/3 spectrum fitted in the total energy histogram (Figure 8.1) is
displayed in red. Data are shown as black points, along with internal (blue),
external (dark green), and radon (light green) backgrounds.
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Figure 8.4: Vertex sector (top) and Z (bottom) position for the combined '6Cd
data set. The 2v(3[ spectrum fitted in the total energy histogram (Figure 8.1)
is displayed in red. Data are shown as black points, along with internal (blue),
external (dark green), and radon (light green) backgrounds.
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Combined '6Cd Data Set

Data events 8503
Signal events 7769
Internal BG events 241
External BG events 153
Radon BG events 348
Total BG events 742
VT e 10.47

T — 285.21
Signal efficiency 3.26%
Signal Purity 83.7%

Ty (x 109 yr) | (290 % 0.0 & 0.15,.

Table 8.3: Summary of 1*Cd results for the combined data set.
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8.5 SSD and HSD hypotheses

Because 1°Cd decays via the 17 state of its intermediate daughter nu-
cleus, it is a candidate for decay via single-state dominance (SSD) wherein
only the lowest-lying state of the intermediate nucleus contributes to the nu-
clear matrix element for the decay. To differentiate between the single-state
and higher states dominance hypotheses, a study has been carried out using
Monte Carlo generated based on each model. Results were then compared
based on goodness of fit tests between the signal and background-subtracted

data spectrum in both total energy and minimum energy spectra.

Results of fits using both the SSD and HSD hypotheses are given in
table 8.4.

Model | Total Energy x? | Minimum Electron Energy x>

SSD 20.31 / 35 35.19 / 43

HSD 25.40 / 35 48.66 / 43

Table 8.4: x? results for SSD and HSD spectra for relevant observables.

Compared to the SSD fits, the HSD x?/ NDF in worsened in both the
total and minimum energy distributions, indicating that the SSD hypothesis is

favored. Under the HSD hypothesis, the 2v3( transition half-life is increased

146



= +Data 8503 Evts
T F
= 800
= =
=~ 700 —
.g F IExt BGs 153.072 Evts
S 600
w -
2 s00—
E 222Rn BGs 374.704 Evts
400—
300 f—
200 Ilnt BGs 220.601 Evts
100 —
a5 4 IZBZv Signal7756.830 Evt:
E,+E,/MeV
%) 1.57
E L
é 1 + JE SR S TR ++ + ROOT: %2/ ndf = 25.40 / 35
o L
0.5 05 1 15 2 25 3 35 4
> - +Data 8503 Evts
2 800
S 700 =
.E c Ext BGs 153.072 Evts
2 600
w I
2 500
= 22Rn BGs 374.704 Evts
400
300—
200 — Ilm BGs  220.601 Evts
100 —
= Ta ie Izﬁzv Signal7756.830 Evt:
Minimum E , / MeV
o 15C
E L
= C pe
g 1= +¢ + 4¢‘¢,+¢H + + + # | ROOT: %2/ ndf = 48.66 / 43
e r + L l
0.5 0.2 04 0.6 0.8 1 1.2 14 1.6
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to

TPy = (3.134£0.03°" £ 0.1745) x 107 yr (8.3)

8.5.1 82Se Two-Electron Measurements

Results for the total data set of 82Se are presented in this section.
Figure 8.6 shows the total electron energy spectrum. Minimum and maximum
energy electron energy spectra are presented in Figure 8.7, and the cosine
between electrons is shown in Figure 8.8. Source foil vertex distributions are

shown by sector number and vertical position in Figure 8.9.
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Figure 8.6: Two-electron combined energy for the combined ®2Se data set.
The best-fit value for the 2v53 combined electron-energy spectrum is shown
in red, fitted to the data (shown as black points) after the inclusion of internal
(blue), external (dark green), and radon (light green) backgrounds.
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Figure 8.7: Energy of the lesser- (top) and greater-(bottom) energy electron
for the combined 82Se data set. The 2v3f spectrum fitted in the total energy
histogram (Figure 8.6) is displayed in red. Data are shown as black points,
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grounds.
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Combined #2Se Data Set
Data events 16253
Signal events 10995.75
Internal BG events 4638.48
External BG events 292.43
Radon BG events 457.48
Total BG events 5388.16
Ve 2.04
T 149.80
Signal efficiency 2.70%
Signal Purity 67%
Tyjp (x 10 yr) | 10.62 + 0.110 4+ .56,

Table 8.5: Summary of 82Se results for the combined data set.
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Figure 8.9: Vertex sector (top) and Z (bottom) position for the combined %2Se
data set. The 2v(3[ spectrum fitted in the total energy histogram (Figure 8.6)
is displayed in red. Data are shown as black points, along with internal (blue),
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8.6 Summary and Conclusions

Using a background model developed from HPGe measurements and
background values measured in situ in the single electron and electron-gamma
channels, a set of requirements has been developed and tested to select and
identify 2v33 events. These events have been used to measure the 2v3p3

transition half-life for the decay to the ground state of 1*6Cd—!16Sn
TP (M10Cd) = (2,90 £+ 0.03°" £ 0.154) x 10" yr (8.4)

in agreement with both previously published NEMO results [96] and the
Solotvina experiment [72]. The single-states dominance and higher-states
dominance hypotheses have been investigated for 16Cd, finding that the SSD
matches the data better with respect to the HSD in both total and mini-
mum electron energy spectra, suggesting that the decay proceeds via the SSD

transition.

The 2vf3p3 transition half-life for the decay to the ground state of

82Se—82Kr has also been measured at
TP(Se) = 10.62 £ 0.11°% £ 0.564) x 10" yr (8.5)
in statistical agreement with previous measurements of ¥2Se from prior NEMO

results [96] and the 1992 Elliott experiment [76].

Results from these measurements will be used as the major component
of the background model to the Ov33 process in both 6Cd and %2Se. 2v373
results may also be used to constrain the two-neutrino nuclear matrix elements

for their respective isotopes.
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Chapter 9

Search for the Neutrinoless Transition

In this chapter, the transitions of **Cd to the ground state of 1Sn
and ®2Se to the ground state of 82Kr via Ov33 transitions are described. Lower
limits of half-lives are presented for the Light Majorana Exchange (LME)
process, describing Ov55 by a light massive neutrino; Right Handed Current
(RHC), mediated by neutrinos which couple to right-handed leptons; and four
Majoron-emitting models of neutrinoless transition. Nuclear matrix elements
and phase-space factors and their use in determining an effective neutrino mass

are discussed and neutrino mass limits are presented.

9.1 Limit Calculation

The OvpBp limit is calculated using the procedure described in chap-
ter 4.4. Expected background events are considered to be the backgrounds as
described in chapters 5, 6, and 7. In addition, the 253 spectrum as measured
in chapter 8 is also considered as a background to the Ov3f signal. Each of

the Ov5 5 models discussed in section 2.3.1 will be considered separately.
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9.1.1 Selection Criteria and Data Set

The Ovf3p signal is selected using the same criteria as the 2v3[ set,
as described in section 8.1, in accordance with the principle of blind analysis.
The overall data set is recorded for 1707.79 days, for a total exposure of 1.65
kg y for 1*Cd and 3.75 kg y for %2Se.

9.1.2 NEMO-3 Sensitivity

Before considering the limit set on the Ov3S half-life, it is instructive
to consider the expected sensitivity of the NEMO-3 detector. Referring to
section 4.4.1, for a time of 1695.31 days, the expected sensitivity at 90% C.L.

(corresponding to n, = 1.645) is

T/, = 1.09 x 10% yr (9.1)
for 116Cd and

T/, = 3.01 x 10% yr (9.2)

for #2Se.

9.1.3 Nuclear Matrix Elements and Phase-Space Values

To relate the half-life limit to a limit on the effective neutrino mass, the
Ov33 nuclear matrix element M% and phase-space factor G% must be known.
While the phase-space factor is exactly calculable, the NME is subject to
a range of values depending on the approximation technique used. NMEs for

116Cd and #2Se are shown in tables 9.1.3 and 9.1.3 below [97].
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In addition to differences between models, an additional spread is in-
troduced in the choice of Gamow-Teller coupling constant g4 used in the cal-
culation of of NME. To account for a known discrepancy between calculated
and measured Gamow-Teller matrix elements [33] (see section 2.4), the true
value of g4 is customarily “quenched” to a value of 1.00 [97, 98]. NMEs using
both of these values are considered in the calculation of the effective neutrino

mass.

1160d

G% = 1.894 x10~25yr—!

g4 value | RQRPA QRPA

1.25 1.43 £ 0.03 | 1.56 £ 0.03

1.00 1.22 £ 0.02 | 1.31 £ 0.02

Table 9.1: Phase-space factor and nuclear matrix element values for 16Cd.

9.2 Neutrinoless Transition Search Results for 1°Cd

This section describes the calculation of half-life limits for '6Cd in

the Light Majorana Exchange, Right-Handed Current, and Majoron-emitting
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82Ge

G% = 1.079 x10725yr~!

g4 value | RQRPA QRPA

1.25 212 £0.04 | 2.36 = 0.04

1.00 1.91 £ 0.02 | 2.10 £ 0.05

Table 9.2: Phase-space factor and nuclear matrix element values for %2Se.

mechanisms. Spectra are shown for each Ovf3/ process, and the calculated
half-life limits at 90% confidence level are given. Where applicable, these
results are related to limits on effective neutrino mass (m,) and RHC coupling

values.

9.2.1 Light Majorana Exchange Mechanism

The Light Majorana Exchange mechanism, described in section 2.3.2,
is the most widely discussed 0v(3 mechanism. Phenomenologically, it occurs
as a monoenergetic peak at the Qgg value, as only electrons are present to
carry energy from the decay. Using the process described in section 4.4.2; the

LME Monte Carlo energy spectrum is rescaled by a decreasing activity until
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a 90% confidence level of signal exclusion is reached.

Once this activity limit has been reached, the number of events in the
Ov(3B spectrum can be considered excluded at 90% confidence level and the

activity readily converted to a half-life by using formula 4.12.

The OvfS spectrum is shown as an overlay on the data and total back-
ground in Figure 9.1, where the background includes the 2v33 spectrum. The
window around the Qgf signal region is shown in detail in linear scale on the
right of the same figure.
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——T,,>112x10%
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...... ! 2
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¥y 9.4 25 26 27 28 29 3 31 3.2
Total Energy (MeV) Total Energy (MeV)

3.5

Figure 9.1: 0vB33 spectrum of M9Cd excluded at 90% C.L. shown in red as
an overlay on the total background. All backgrounds, including the measured
2v (0 spectrum, are shown in blue. Data points are shown in black.

At 90% Confidence Level, the OvBf5 spectrum contains 7.53 events,

corresponding to a half-life of 1.12 x10% years.
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9.2.2 Signal Windows

To determine the optimal signal window and thus place the strongest
limit on Ov (33 [99], a variety of ranges were considered. Beginning with the full
spectrum, the number of bins considered in the limit calculation was reduced,
with the window centered around the Qgg values of 2.802 and 2.995MeV,

respectively. Results of the limit calculations are shown in Table 9.2.2.

160d (Qag: 2.802 MeV)

Window
(Total Electron Full Spectrum | 1.8 -3.0 | 21-3.0 | 23-3.0|2.6- 3.0
Energy, MeV)

Ov3 Signal Events

(90% C.L.) 7.25 7.18 7.13 6.96 6.20
Ovfp Efficiency (%) 12.23 12.11 12.02 10.46 5.74
T(1)72 1.12 1.12 1.12 1.12 1.12

Table 9.3: Results of calculating the "9Cd Ov3f3 half life for various signal
windows.

9.2.3 Effective neutrino Mass Calculation

After calculating a half-life limit for the Ov53 process, the results can

be combined with the phase-space factor and nuclear matrix elements to pro-
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duce a limit on effective neutrino mass. Because of the discrepancies between
calculated NME values, the result is a range on the upper limit of effective

neutrino mass.

In the case of 19Cd, the limit on the neutrino mass is:
(m,) < (4.33 — 5.54) eV (9.3)

9.2.4 Right-Handed Currents

A procedure identical to that used for the LME was applied for com-
putation of right-handed current 90% confidence level limit. No events are
observed above background for the Ov3/ decay via the right-handed current
mechanism, with a lower half-life limit set at 6.02x10%? yr at 90%C.L., corre-
sponding to 7.61 events excluded. The full spectrum and a detail of the peak

region are shown in Figure 9.2.
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5 10t FlsBG 8086.451 3 —+— Data
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E 102 -T,,>6.02 x10™ 2¢ ? =7 Ov Signal
I z
£

7.61 Evts

—e—T,, >6.02x 10%
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L o=

=
g e ey 1 1 1

: |
$ 3.5 3 31 3.2 3.3 3.4
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Figure 9.2: Right-Handed Current (V + A) spectrum of '°Cd excluded at 90%
C.L. shown as an overlay on the total background. All backgrounds, including

the measured 2v(3( spectrum, are shown in blue. Data points are shown in
black.
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9.2.5 Majoron-Emitting Models

The same procedure for calculating half-life limits was applied to Majoron-
emitting models, but in contrast to the LME and RHC cases, there is no single
signal window to be used in the calculation. As a result, only full-spectrum

calculations were taken. Results are summarized in table 9.4.

No events are observed in any of the Majoron-emitting modes; lower
half-life limits and excluded events are shown in table 9.4. Electron energy
spectra for Majoron modes compared to the background-subtracted data are

shown in Figure 9.3.

Spectral Index n=1|n=2|n=3|n=7
Events excluded at 90% C.L. | 78.43 | 220.74 | 414.23 | 306.75

Signal efficiency 8.70 7.10 5.62 2.08

Ty 2(x10%1) > 7.66 | 2.22 0.94 0.47

Table 9.4: Summary of results for Majoron-emitting models in 1¢Cd.
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Figure 9.3: Spectra of Majoron-emitting modes in 9Cd, shown in red. Data
are shown as black points after subtraction of all backgrounds, including the
measured 2v3[ spectrum. Clockwise starting from top left, they are the n=1,
n=2, n=>5, and n=7 modes.
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9.3 Neutrinoless Transition Search Results for *?Se

For calculation of the ®2Se 0v3/3 half-life limits, procedures identical to
those used in the analysis of 11°Cd were used. Results for the Light Majorana
Exchange are shown in section 9.3.1, Right-Handed Current results are given in
section 9.3.3, and limits for Majoron-emitting models are given in section 9.3.4.
Where applicable, these quantities are related the effective neutrino mass (m,,)

and RHC coupling constant values.

9.3.1 Light Majorana Exchange Mechanism

The OvfS spectrum is shown as an overlay on the data and total back-

ground in Figure 9.4, where the background includes the 2v53 spectrum.
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Figure 9.4: 0vA3f spectrum of #2Se excluded at 90% C.L. shown in red as
an overlay on the total background, shown in blue and including the 2v3s3
spectrum. Data points are displayed in black.

At 90% Confidence Level, the OvSS spectrum contains 9.06 events,

corresponding to a half-life of 3.19 x10?? years.
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9.3.2 Effective Neutrino Mass Calculation

Having calculated a half-life limit for the Ovf3( process, the results
can be combined with the phase-space factor and nuclear matrix elements
to calculate a limit on effective neutrino mass. Because of the discrepancies
between calculated NME values, the result is a range on the upper limit of

effective neutrino mass.

For #Se, the limit is calculated to be:

(m,) < (2.28 — 2.82) eV (9.4)

9.3.3 Right-Handed Currents

A procedure identical to that used for the LME was applied for com-
putation of right-handed current 90% confidence level limit. No events above
background were observed, setting a lower half-life limit for Ovg83 decay via
the right-handed current mechanism at 7.93x10??yr, corresponding to 9.17
events. Results are shown in Figure 9.5, with the RHC spectrum overlaid on

the combined background spectrum, including 2v83 events.

9.3.4 Majoron-Emitting Models

The same procedure for calculating half-life limits was applied to Majoron-
emitting models. However, because their spectra cover ranges similar to those
of the 2v 3 spectrum, there is no single signal window to be used in the calcu-

lation. As a result, only full-spectrum calculations were taken. Total electron
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Figure 9.5: Right-handed current (V + A) spectrum of 82Se excluded at 90%
C.L. shown in red as an overlay on the total background, shown in blue and
including the measured 2v33 spectrum. Data points are displayed in black.

energy spectra for Majoron modes are shown overlaid on the background sub-

tracted data in Figure 9.6.

Results for Majoron-emitting modes are summarized in table 9.5.

Spectral Index n=1| n=2 |n=3|n=7

Events excluded at 90% C.L. | 144.80 | 393.48 | 583.83 | 428.55

Signal efficiency 9.91% | 8.33 | 6.88% | 2.90%

Ty /5(x102) > 689 | 207 | 115 | 0.66

Table 9.5: Summary of results for Majoron-emitting models in 82Se.
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Figure 9.6: Majoron-emitting model spectra for ®2Se, shown in red. Data
are shown as black points after subtraction of all backgrounds, including the
measured 235 spectrum. Clockwise starting from top left, they are the n=1,
n=2, n=>5, and n=7 modes.
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9.4 Discussion and Conclusions

Neutrinoless double-beta decay processes have been considered for both
H6Cd and #Se, including the Light Majorana Exchange mechanism, Right-
Handed Currents, and Majoron emitting modes. No neutrinoless double beta
decay events were observed above expected background, and thus only lower

limits could be set. In 6Cd, a Ov3f half-life limit of
TY/5(90%C.L.) > 1.12 x 10 yr (9.5)

has been set for M6Cd in the Light Majorana Exchange mechanism, corre-
sponding to 7.53 neutrinoless events excluded and an effective neutrino mass
of

(my) < (4.33 —5.54) eV (9.6)

This limit improves upon the previously-reported value of 1.6 x1022yr from
NEMO-3 [96], indicating an improvement of almost an order of magnitude
from using the full data set in measurements. However, it remains below the
current half-life limit set by the Solotvina experiment [72] of 1.7 x10% yr.
Effective neutrino masses calculated from all considered NMEs are given in

Table 9.6.

Neutrinoless decay half-life limits have been set for ¥2Se, with a Light

Majorana Exchange half-life limit of
TY/5(90%C.L.) > 3.19 x 107 yr (9.7)
corresponding to 9.06 excluded events and an effective neutrino mass of

(m,) < (2.28 —2.82) eV (9.8)
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NME Type Value | (mgg) (eV)
QRPA (g4 =1.25) | 1.53 5.54
QRPA (g4 = 1.00) | 1.31 4.80
RQRPA (g4 = 1.25) | 1.43 5.24
RQRPA (g4 = 1.00) | 1.22 4.33

Table 9.6: Summary of effective neutrino masses by calculated nuclear matrix
element for 16Cd.

falling slightly below previously-reported values from NEMO [96]. A summary

of effective neutrino masses by NME is given in Table 9.7.

While both results fall below current world-best limits, these data may
still be considered as useful points in constraining (m,) and calculations of

neutrinoless nuclear matrix elements.

In addition to the Light Majorana Exchange process, the Right Handed
Current (V 4+ A) and Majoron-emitting processes were also considered. In
both cases, no events were observed above predicted background, so lower

half-life limits were set in both Cd and #Se.
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NME Type Value | (mgg) (eV)
QRPA (g4 = 1.25) | 2.36 2.82
QRPA (g4 = 1.00) | 2.10 2.64

RQRPA (g4 = 1.25) | 2.12 2.62
RQRPA (g4 = 1.00) | 1.91 2.28

Table 9.7: Summary of effective neutrino masses by calculated nuclear matrix
element for #2Se.
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Chapter 10

The SuperNEMO Detector

The SuperNEMO detector is a planned next-generation double-beta
decay detector to be built as a successor to SuperNEMO. Utilizing experience
from the NEMO-3 experiment as well as an increased mass of source material,
SuperNEMO is intended to provide an increase in Ov( half-life sensitivity of
one to two orders of magnitude with respect to NEMO-3. SuperNEMO will
be installed in an extension of the LSM, near the site of the NEMO-3 detector,

thus retaining the same 4,800 m.w.e. overhead as NEMO-3.

The experiment plans to continue the search for OvgfS decay using
a similar philosophy and technique as that of NEMO-3, but using the the
improved mass, radiopurity, and instrumentation to probe regions inaccessible

to NEMO-3.

10.1 Detector Description

SuperNEMO is being developed as a modular experiment, ultimately
containing 20 sectors which can be constructed individually and added as
they are completed. Each module will be entirely self-contained and able to

commence data taking immediately following its completion. A demonstrator
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module will be installed first, with slightly more source material than future

planned modules, to demonstrate the sensitivity of the new detector.

In contrast to NEMO-3, the SuperNEMO detector will be rectangular
in shape, with each source foil housed in a separate module. an exploded view

of a planned module is shown in Figure 10.1.
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Figure 10.1: Exploded view of the SuperNEMO detector.
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10.2 Source Material

At present, each of the 20 planned SuperNEMO modules is planned to
house approximately 5kg of 82Se, with the exception of the demonstrator mod-
ule, which will contain 7 kg, ultimately totaling approximately 100 kg of source
material. However, because the modular nature of the experiment allows for
additions after data taking has commenced, if it becomes possible through
unforeseen advances in enrichment in other isotopes, it is also conceivable that

another isotope such as *Ca or %Zr could be added for further study.

10.3 Tracker

SuperNEMO plans to use a tracker similar to that of NEMO-3, differing
only in the arrangement of the Geiger cells. Each module plans to use several
thousand octagonal drift cells similar to those described in Section 3.3.1 [100].
Extensive testing of the tracker arrangement has been carried out, includ-
ing studies of drift chamber design and size, wire size and material, and gas

mixture [101].

To further reduce the risk of contamination on the tracker wires, a wiring
robot was developed to automate the construction process. Because there are
a planned 260,000 wires to be installed across all 20 modules, this presents

an opportunity to greatly reduce the amount of contamination distributed

throughout SuperNEMO.
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Figure 10.2: Predicted SuperNEMO half-life sensitivity as a function of
calorimeter resolution at 1MeV. Individual curves represent predicted sen-
sitivities given differing levels of background contaminants present.

10.4 Calorimeter

To achieve the desired half-life sensitivity for SuperNEMO, the overall

calorimeter resolution must be less than 8% FWHM at 1MeV, corresponding

to 4% FWHM at 3 MeV, near the Q-value for the relevant double beta decays.

This represents an improvement with respect to the NEMO-3 resolution of

approximately a factor of two. Predicted sensitivity as a function of calorimeter

resolution for SuperNEMO is presented graphically in Figure 10.2.
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Figure 10.3: Exploded view of a main wall optical module in SuperNEMO,
showing the hemispherical cutout to be bonded directly to the PMT.

To achieve this goal, several avenues have been pursued.

e Construction of main wall scintillators in poly-vinyl-toluene (PVT), where
possible. PVT scintillates at 10,000 photons/ MeV, compared to the es-
timated 8,000 photons/ MeV for polystyrene (PS).

e Removal of the light guide connecting scintillator to PMT in main wall
scintillators. This was incorporated in the design by making a hemi-
spherical cutout in the scintillator which can be bonded directly to the
PMT, as shown in Figure 10.3.

e Use of larger PMTs to increase light collection efficiency.

The calibration system has also been improved with respect to NEMO-
3, including the removal of calibration tubes and windows which presented
a barrier to 2°"Bi electrons. Windows in particular were also significantly less
radiopure than the adjacent source foils, and introduced contamination in the

surrounding areas. The new system is contained almost entirely outside of the
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detector when not in use, and the sources are guided into place using a weight
centered on a guiding wire. Development and testing of this system has been

carried out at the University of Texas.

10.5 Radiopurity

As discussed in section 4.4.1, sensitivity to Ov5S signal is largely de-
pendent upon the reduction of background. Therefore, a major effort has been
made during the research and development phase of SuperNEMO to reduce
the amount of background present in the final detector. To reach the stated
sensitivity goals, limits have been set regarding acceptable activity of trouble-
some radioisotopes, at 2 uBq/kg for 2%®T1 and 10 uBq/ kg for *Bi; all other
isotopes must fall below those limits. A major portion of the effort to develop
and clean materials in order to reach stated radiopurity goals has been carried

out by the University of Texas group.

10.6 SuperNEMO versus NEMO-3

A summary of planned SuperNEMO properties with and a comparison
to NEMO-3 is presented in table 10.1. Upgrades in terms of candidate isotope
mass, projected signal efficiency, required contamination levels, and calorime-
ter resolution are presented, along with the resulting projected increases in

sensitivity to OvS half-life thus the effective neutrino mass (m,).
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NEMO-3 SuperNEMO
Isotope 96212?218;721§(?r’;j1g0%\1 | 82Ge
Mass 10kg > 100 kg
Signal Efficiency 18% > 30%
208 foil activity <20 uBq/ kg < 2uBq/ kg
214B; foil activity <300 uBq/ kg < 10 uBq/ kg
Energy res. at3 MeV 8% FWHM 4% FWHM
Half-life sensitivity ~ 10%yr ~(1-2) x10%yr
m, sensitivity ~ (0.3 —-0.9)eV ~ (0.05 - 0.1)eV

Table 10.1: Comparison of NEMO-3 and SuperNEMO parameters [100].
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Chapter 11

Simulations of SuperNEMO Scintillators

To achieve the stated senstivity goal for the SuperNEMO experiment,
a detailed knowledge of the scintillator response is of the utmost importance.
As part of the ongoing research and development effort for the SuperNEMO
detector, detailed simulations of the scintillators were carried out using the

GEANT4 development package [102].

Following the model developed for the NEMO-3 detector [84], a model
of each scintillator variety proposed for the SuperNEMO experiment was de-
veloped to determine the optimal design for the detector and understanding

of photon behavior inside the optical module.

This chapter describes the simulation of optical modules to be used
within the SuperNEMO modules, including the blocks ultimately chosen for
use in SuperNEMO as well as several relevant types which were simulated for

comparison during research and development.

11.1 Scintillator Types

The final design of the SuperNEMO calorimeter calls for three distinct

sctintillator blocks, each to be placed in a distinct section of the calorimeter.
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Main wall blocks cover the walls facing the isotopic source foils, and as they are
intended to be the main component in electron energy measurements, require
the best overall energy resolution. X-wall blocks are placed at the ends of
the foils, and V-wall blocks are to be above and below the foils; both are to
be used largely for tagging v-rays and background rejection, and thus their
required minimum energy resolution is less strict than that of the main wall

blocks. A description of each scintillator type is given in table 11.1.1.

11.1.1 Photomultiplier Tubes

For the case of both X- and V-walls, the scintillators are coupled to 5”
Hamamatsu PMTs via a poly-methyl-methacrylate light guide bonded to the
top face of the scintillator. In the case of the main wall blocks, however, the
PMT is bonded directly to the PMT in a hemispherical section cut out of the

top face of the scintillator.

An exception to this setup occurs in the main wall blocks at the edge of
each wall. Such blocks are partially overlapped by adjacent X- and V-blocks,
and as such their fiducial volume is reduced. Because of the consequent loss
of efficacy of these blocks, they are bonded to 57 PMTs, which have a reduced
quantum efficiency and photocathode area, but were available for reuse after

their removal from NEMO-3.
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Block Type | Height (mm) | Width (mm) | Depth (mm) | Attached PMT

Main wall 256.8 256.8 194.0 8

5” (Edge blocks)
X wall 256.8 256.8 194.0 57
V wall 308.0 310.0 150.0 57

Table 11.1: Description of scintillator blocks in SuperNEMO.

11.2 Materials

In addition to the specific geometry of each variety of scintillator, the
choice of material is also crucial in determining the properties of each op-
tical module. Two different scintillator plastics were considered for use in
SuperNEMO scintillators: Poly-vinyl-tolulene (PVT) manufactured by El-
jen [103], and Polystyrene (PS), manufactured by ENVINET. Both PVT and
PS are doped with a p-terphenyl (pTP) primary fluor and a wavelength shifter
1,4-di-(5-phyl-2-oxazolyl) benzene (POPOP). PVT light yield is quoted as
10,000 photons/ MeV [103], while the light yield for PS is estimated at 8,000
photons/ MeV.

Main wall scintillators with 8” PMTs are bonded directly to the PMT

with an optical glue; in the case of scintillators with PMMA light guides, as
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described in section 11.1.1, the light guide is bonded to the PMT with the

same optical glue.

The scintillator is surrounded by a Teflon wrapping on four sides, and
wrapped with a reflective Mylar covering. A 0.5mm air gap is simulated

between the scintillator and Mylar covering.

11.2.1 Material Properties

Simulations done for SuperNEMO scintillators followed the model de-
veloped in reference [84] in using A-dependent properties in the optical mod-
ules, including absorption and emission spectra, bulk absorption length, and

reflectivity of all materials present.

11.2.2 Simulation Results

To determine the resolution for a given scintillator block, the entrance
face was divided into 25 separate sections arranged as a 5 x 5 grid. 2,500
electrons with an energy of 1 MeV were simulated incident normal to the block

face at each section, with the energy resolution at each position calculated as
2In2v/2

R =
FWHM \/N_pe

where N, is the number of photoelectrons detected in the photomultiplier.

(11.1)

Simulation results are presented below for each of the three types of
scintillator blocks to be used in SuperNEMO. Figure 11.1 shows the simulated
energy resolution for each of the 25 electron entrance points on the block face

for the main wall scintillator with PVT and an 8’ PMT.
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Simulated Main Wall Energy Resolution (£ 0.04)

Y Position on Block Face

X Position on Block Face

Figure 11.1: Simulated energy resolution for a main wall block to be used in
SuperNEMO.

Figure 11.2 presents the simulated resolutions for the X and V walls.
Simulation results are summarized in table 11.2, along with measured values

taken within the collaboration [104], where available.
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Simulated X Wall Energy Resolution ( 0.04)

Y Position on Scintillator Face

X Position on Scintillator Face

Simulated V Wall Energy Resolution (& 0.04)

Y Position on Block Face

X Position on Block Face

Figure 11.2: Simulated energy resolution for an X- (top) and V-wall (bottom)
block to be used in SuperNEMO.
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Block Type | Material | PMT | Average Resolution | Center Resolution Measured Resolution
g 7.41% 7.38% (7.3-7.5) £ 01%
PVT
Main wall 5" 13.14 12.62 B
8" 8.28% 8.25% -
PS
5" 13.24 12.62% -
X Wall PS 5" 11.38% 10.89% 11 - 12%
V Wall PS 57 19.21% 15.3% 13 - 14% (edges excluded)

Table 11.2: Summary of SuperNEMO scintillator simulation results.

Note that for V. Wall blocks, the measured results in table 11.2 are only

for the 176 x 176 mm? area at the center of the block, corresponding to approx-

imately 32% of the total block face, as the V Wall blocks were too large for the ap-

paratus to measure.

11.3 Summary and Conclusion

Building off of a model developed for NEMO-3, the GEANT4 toolkit

was used to produce simulations of all scintillator block types to be used in

the forthcoming SuperNEMO detector. Detailed simulations were carried out

utilizing measured spectral properties of all optical module components and
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found to be in agreement with experimental values for all scintillator modules

to be utilized in the SuperNEMO detector.

This work provides a detailed model of calorimeter response and photon
transport in SuperNEMO. Simulations developed in this model were shown to
be predictive of measurements, and thus useful as a tool for research and

development of SuperNEMO as well as future detectors.
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Chapter 12

Conclusions and Outlook

This dissertation details the measurement of two-neutrino double beta
decay (2vff) and the search for neutrinoless double beta decay (0vf3f3) in
the transitions 1Cd—!1%Sn and #2Se—%?Kr using the unique combination of

tracking and calorimetry capabilities in the NEMO-3 detector.

The NEMO-3 detector and the tracking and calorimetry techniques
were described, followed by an explanation of the analysis procedures and
tools used in extracting physics information taken from the data, and the
model of natural background radioactivity was discussed. The single-electron
channel was used to improve the model of background contaminants in situ,
particularly in the source foils, and the electron-gamma channel was studied

to determine the amounts of 2Bi and 2°°T1 in NEMO-3.

The measured background model was used in the determination of 233
half-lives. Using the full data set taken during the running of NEMO-3, an ex-

posure of 1.65kg-y was used to measure the 2v33 half-life of 16Cd at
Tty = 2.90 4 0.03(stat) & 0.15(syst) x 10 yr (12.1)
under the SSD hypothesis and

Tify = 3.13 £ 0.03(stat) + 0.17(syst) x 10" yr (12.2)
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under the HSD hypothesis. x? fits to both total and minimum energy electron

spectra indicate that decay via the SSD hypothesis is favored.

The results of the SSD hypothesis are in agreement with the value
measured by the Solotvina experiment, and represent the best measured un-

certainties to date.

The final data set for 2Se corresponded to an exposure of 3.75kg-y,

used to measure a 2v3 half-life of
Ttfy = 10.62 £ 0.11(stat) + 0.56(syst) x 10" yr (12.3)

for 82Se.

Lower limits were set at 90% confidence level on the Ov/3 half-lives for
both 16Cd and 82Se, corresponding to upper limits on the effective neutrino

mass (m,). The limit for "°Cd was found to be
TY5(90%C.L.) > 1.12 x 102 yr — ((m,) <4.33 —5.54¢eV) (12.4)

giving an improvement over previously-quoted NEMO results but falling below

the current best limit.

The OvS3 half-life of 32 Se was set at
TY5(90%C.L.) > 319 x 10%yr  ((m,) < 2.28 —2.82¢V) (12.5)

falling slightly below previously-quoted values from NEMO.

The development of the next-generation successor to NEMO-3, Su-

perNEMO, was also discussed, including its stated physics goals and an overview
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of the planned detector setup and instrumentation. Planned advances for the
new detector allowing for increases of two orders of magnitude in half-life
sensitivity are shown, including developments in isotope mass, radiopurity
requirements, and calorimetry resolution. Detailed information about the de-
velopment of calorimetric simulations for the new detector were discussed,
demonstrating that the SuperNEMO calorimeter is sufficient to achieve the
project’s stated half-life sensitivity goal. Simulations were shown to be in
agreement with measured data, providing an accurate modeling of the Su-
perNEMO calorimeters and allowing understanding of the behavior of planned

optical modules.

SuperNEMO expects to reach a neutrinoless double beta decay half-life
sensitivity of 10%° years over the course of its lifetime, generating measurements

competitive with other next-generation experiments currently in development.
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Appendix A

Scintillator details

This appendix gives an overview of and details for scintillators used
in the optical modules in NEMO-3. Scintillator types, dimensions, associated
PMTs, and number contained in the detector are presented for each area (inner

wall, outer wall, and petals).

Table A.2 provides details of the blocks on the internal and external
walls of NEMO-3. Table A.3 contains details of the inner and outer petal scin-
tillators. Table A.1 presents the mass fractions of base material and dopants

for primary scintillation and wavelength shifting for each of the block types.

Block type | IN EC EE | Petal

PS 98.49 | 98.49 | 98.49 | 98.75

pTP 1.50 | 1.50 | 1.50 | 1.20

POPOP 0.01 | 0.01 | 0.01 | 0.05

Table A.1: Mass fraction of scintillator materials by block type.
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Block type IN EC EE
Number per sector 34 13 26
Thickness 110 mm 99 mm 99/123 mm
Height 153 mm 200 mm 200 mm
Width 154/138 mm | 218/228 mm | 218/230 mm
Volume 241 4.51 5.01
Associated PMT 37 5" %
Total Number 680 260 520

Table A.2: Vertical wall scintillator characteristics.
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Block type L1 L2 L3 L4
Number per sector 6 6 6 6
Thickness 100 mm 100 mm 100 mm 100 mm
Width 113/126 mm | 133/146 mm | 174/188 mm | 195/208 mm
Length 126 mm 126 mm 126 mm 126
Volume 1.51 1.81 2.31 251
Associated PMT 37 37 37 57
Total Number 120 120 120 120

Table A.3: Petal scintillator characteristics.
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Appendix B

Double beta decay candidate isotopes

This appendix presents a list of known double beta decay candidate
isotopes. The transition, end-point energy (Q-value), relative abundance, and
phase-space factors for the two-neutrino and zero-neutrino double beta decay

processes [105].

Transition Qpp (keV) | n(%) G¥ (yr= 1) G (yr—1)

46Ca —46T} 987 + 4 0.0035 | 1.148 x 10722 | 1.397 x 10727
48Ca —1Ti 4271 + 4 0.187 | 3.968 x 10~'7 | 2.439 x 10=%
07Zn —-1Ge 1001 + 3 0.62 | 3.155 x 10722 | 2.342 x 10727
Ge —"Se | 2039.6 £0.9 | 7.8 | 1.305 x 10719 | 2.445 x 10726
80Se —80Kr 130 £ 9 49.8 | 1.220 x 10728 | 4.274 x 10~%
825e —82Kr 2995 + 6 9.2 | 4.348 x 107" | 1.079 x 1072

Table B.1: Table of double beta decay isotopes, with ()gg val-
ues, isotopic abundance and phase space factors G for 2v56

and OvS33 processes [105].
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Transition Qpp (keV) n(%) G (yr= 1) GW (yr=1)
86Ky —86Sr 1256 + 5 17.3 | 3.333 x 1072 | 6.369 x 10727
M7y 59Mo | 11453 £2.5 | 17.4 | 2.304 x 102! | 6.369 x 1027
967y —9Mo 3350 + 3 2.8 | 1.927 x 10717 | 2.242 x 107%
Mo —®Ru 112+ 7 24.1 | 9.709 x 10729 | 6.711 x 10~

100Mo —1Ru | 3034 + 6 9.6 | 9434 x 10718 | 1.754 x 107%
104Ry —1%pd | 1299 + 4 18.7 | 9.174 x 10721 | 1.202 x 10726
Hopq —10Cd | 2013 £+ 19 11.8 | 3.984 x 10719 | 5.376 x 10726
H4cd —118n 534 + 4 28.7 | 1.443 x 10723 | 1.639 x 10~27
H6Cd —1168n | 2802 + 4 7.5 [8.000 x 10718 | 1.894 x 10725
1226y 122 Te 364 + 4 4.56 | 1.047 x 10724 | 8.621 x 10728
124Gy 3124Te | 2288.1 1.6 | 5.64 | 1.686 x 1078 | 1.055 x 10725

Table B.1: Table of double beta decay isotopes, with Q)gg val-
ues, isotopic abundance and phase space factors G for 2v35

and Ovf 3 processes [105].
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Transition Qpp (keV) n(%) G (yr= 1) GW (yr=1)
128 e —128Xe 868 + 4 31.7 | 8475 x 10722 | 6.993 x 10727
130Te —130Xe | 2528.8 +4 | 33.8 | 4.808 x 10718 | 1.698 x 10725
134Xe 134Ba | 847 4 10 10.4 | 8.621 x 10722 | 7.692 x 10~%7
136Xe —136Ba | 2479 £ 8 8.9 |4.831 x 10718 | 1.812 x 107%
M42Ce »142Nd | 1417.6 £ 2.5 | 11.1 | 7.246 x 10720 | 1.812 x 10726
H6Nd —1468m 56 + 5 17.2 | 4.854 x 10730 | 1.418 x 1028
8N —148Sm | 1928.3 +1.9 | 57 | 1.070 x 10718 | 1.276 x 10725
150Nd —1%0Sm | 3367.1 £ 2.2 | 5.6 | 1.189 x 10716 | 8.000 x 10725
1549 —»1%4Gd | 1251.9 £ 1.5 | 22.6 | 4.098 x 10729 | 4.202 x 10726
160Gd —19Dy | 1729.5 + 1.4 | 21.8 | 6.623 x 107 | 1.252 x 10=2°
0Gr —»170vd | 653.9 £ 1.6 | 14.9 | 5.495 x 10722 | 1.445 x 10726

Table B.1: Table of double beta decay isotopes, with Q)gg val-
ues, isotopic abundance and phase space factors G for 2v35

and Ovf 3 processes [105].
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Transition Qpp (keV) | n(%) G% (yr71) GW (yr=1)
176y —176Hf | 1078.8 £ 2.7 | 12.6 | 3.067 x 10720 | 5.714 x 10726
186W 1860s | 490.3 £2.2 | 28.6 | 1.302 x 10722 | 1.439 x 1026
19205 —192p; 417 + 4 41.0 | 5.051 x 10723 | 1.299 x 10~26
198p 198 Hg 1048 + 4 7.2 | 6.135 x 10720 | 1.144 x 10°%
204Hg —204Ph | 416.5 + 1.9 6.9 | 8.130 x 10723 | 1.976 x 1026
232Th —232U 858 + 6 100 | 5.952 x 1072 | 2,519 x 10725
2387 —»238pu | 1145.8 + 1.7 | 99.275 | 6.803 x 107 | 5.952 x 10=2°

Table B.1: Table of double beta decay isotopes, with Q)gg val-
ues, isotopic abundance and phase space factors G for 2v55

and Ovf 3 processes [105].
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Appendix C

Time-of-Flight Calculation Details

This appendix details the method of calculating internal and external time-

of-flight (TOF) probabilities for two-particle events in NEMO-3.

For events in which at least two scintillators are activated, the time discrep-
ancy between hits can be used to compute the likelihood that the event originated in
the source foil. For every such event, two hypotheses are constructed: the internal
and external hypothesis. In the internal hypothesis, events are assumed to originate
inside the foil, traverse the tracking chamber and cause a scintillator response. In
the external hypothesis, events are assumed to originate outside the foil, cross the
tracking chamber and source foil, and activate two or more scintillators. In each
hypothesis, a time difference t;, is calculated based on the assumed origin for each

particle and compared to the time %, measured in the calorimeter.

The time differences At;y, are calculated as

{
Aty, = + + b2 (C.1)
1 ()

where the + is for the internal hypothesis and the - is external. For v rays, v
is ¢; for electrons, the velocity is calculated using the electron momentum; however,

because the momentum is not directly observable it must be calculated from the
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measured energy. Using the relationships

E? = (Ep+m)?=p* +m? = p? = EZ + 2Exm

and

the velocity is calculated as

\/ E? + 2Eme
v(Ep) = ———7—

E.+m

The uncertanties for At;, 0% and 02, are calculated as

ot ot
o7 = (@)2012 + (%)205

assuming o; < oy,

Referring to equation C.4,

( ov )2 = m? 1
OE’ — (Ex+m)? E} + 2Exm

Taking advantage of this and that

ot., 12 2

9 Ot o OV 9 o

O = (%)Q(E)QUE

and thus

2 m*

B+ mP (B2 By < amp "

2 _
op =1
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Using these calculated values, a x? value is calculated as

= (At — Atyp,)?
o2, + afh

The probability for the hypothesis i is calculated as

2 [Xi
P(x})=1- /0 e du

™

where

1+ 2)@2
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Appendix D

Neutrinoless Decay Kinetic Observables

This appendix presents observables from simulated 0v 35 Monte Carlo sets.
In addition to the limit calculations specified in chapter 9, neutrinoless signals can
be differentiated from the 2v3S tail and other backgrounds by individual electron
energies, energies of lowest- and highest-energy electrons, and minimum versus max-

imum energy distributions.

Figure D.1 shows the simulated two-electron energy distributions for the
Light Majorana Exchange, Right Handed Current, and four Majoron-emitting pro-
cesses. Figure D.2 displays individual electron energies for the same processes.
Figures D.3 and D.3 present spectra of greater and lesser energy electrons, respec-
tively. Distributions of minimum versus maximum energy electrons are shown in
Figure D.5, and the cosine of the angle between electron tracks is presented in

Figure D.6.
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Figure D.1: Total electron energy distributions for Light Majorana Exchange,
Right Handed Current, and Majoron-emitting Ov (5 models.
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Figure D.3: Maximum electron energy distributions for Light Majorana Ex-
change, Right Handed Current, and Majoron-emitting Ov 3/ models.
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Appendix E

Cut Optimization Details

This appendix gives details of the optimization of selection cuts for the two-
electron channel analysis. To minimize the chance of influencing the outcome of the
overall analysis, a reduced data set consisting of every fifth file of the final data set

was used. Selection criteria were considered based on the following figures of merit:

e Efficiency (€): The fraction of signal Monte Carlo selected versus the total
generated.

e Purity (m): The ratio of selected signal to the sum of selected signal events S
and background events B after fitting (SJFLB)

e The product of efficiency and purity (e x 7).

e The ratio of selected signal to background events (S / B) after fitting.

e The ratio of selected signal to the square root of background events (S / v/B)

after fitting.

In general, € x 7 was considered to be the most judicious figure of merit for decisions.

Selection cut optimization was carried out by changing individual selection
criteria. while holding others constant. Selection was applied to the data, signal,

and all background Monte Carlo. The selected data and MC sets were propagated
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through the analysis as described in Chapter 4, including background calculation
and signal fitting. The figures of merit described above were then calculated based

on these results. Selected cuts are listed in Section 8.1.

Most selection criteria considered were based on continuous distributions
such as electron energy. Selection criteria for these were applied at intervals de-
scribed above each table. Several criteria, such as Geiger cell hits, were based on
a discrete distribution, and cuts were applied at each available level. In addition,
“binary” cuts such as electron charge selection could only be considered as with or

without application of the cut.

E.1 Cut Descriptions and Values

A selection cut was applied based on the minimum energy of each electron.
This cut is constrained at the lower end by the resolution of NEMO-3, at approxi-
mately 200 keV. Above this level, cuts were considered in units of 100 keV. Results

from this selection are shown in Table E.1.
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Variable Value € 7r e x m | Signal / Background | Signal / v BG
. 200keV | 0.000503 | 0.913978 | 0.000459 10.624880 252.230115
Minimum
Single-
clectron 300keV | 0.000377 | 0.930459 | 0.000350 13.380010 245.032442
Energy
400keV | 0.000251 | 0.932797 | 0.000234 13.880234 203.866845
500keV | 0.000145 | 0.933614 | 0.000135 14.063438 155.733836
600keV | 0.000145 | 0.933614 | 0.000135 14.063438 155.733836

Table E.1: Optimization details for Minimum Single-electron Energy cuts.

Internal time-of-flight probabilities are generated based on timing informa-

tion from scintillators, as described in Appendix C. The listed cut is the minimum

allowable calculated internal probability for the two electron tracks in the event.

Results of applying this cut are presented in Table E.2.
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Variable | Value € T € X T Signal / Background | Signal / v BG
0.1 0.000095 | 0.930186 | 0.000088 13.323863 122.584197
0.2 0.000085 | 0.932101 | 0.000079 13.727846 117.886518

Internal

Probability
0.3 0.000073 | 0.933956 | 0.000068 14.141323 110.659552
0.4 0.000063 | 0.935405 | 0.000059 14.481182 104.532825
0.5 0.000052 | 0.938635 | 0.000049 15.295834 97.576244
0.6 0.000042 | 0.938684 | 0.000040 15.308888 87.685073

Table E.2: Optimization details for internal time-of-flight cuts.

To ensure that events originate on the foil, a selection cut was applied based

on the position of the first activated Geiger cell in the tracking chamber. The

selection considered events which activated cells at or before the specified layer,

with layer 0 being the closest to the foil on either side. Results from this selection

are shown in Table E.3.
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Variable Value € m e x m | Signal / Background | Signal / v BG

Minimum 0 0.000373 | 0.918268 | 0.000342 11.235168 223.391152
First Layer
Geiger hit
1 0.000384 | 0.916595 | 0.000352 10.989746 224.213927
2 0.000385 | 0.916440 | 0.000353 10.967393 224.410947

Table E.3: Optimization details for Minimum First Geiger Layer cuts.

The magnetic field oriented along the vertical (Z) axis of NEMO-3 allowed
for discrimination between electrons and positrons. Selection is based on the charge
of electrons, reconstructed from their curvature in the magnetic field. The effects
of this cut are shown in Table E.4. “No charge cut” denotes the case where this

selection is not applied.

Variable | Value € ™ e x m | Signal / Background | Signal / v BG
) Q <0 0.000504 | 0.913867 | 0.000461 10.609913 252.417992
Charge
no charge cut | 0.000503 | 0.913978 | 0.000459 10.624880 252.230115

Table E.4: Optimization details for charge cuts.
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Appendix F

Details of the 2°“Bi Calibration Source

Measurement of 2v33 and possible detection of Ov53 relies heavily upon
accurate measurement of electron energies, and thus a logical choice for a calibration
source is a “standard candle” which consistently emits electrons at known energies.
For this purpose, 207Bi was chosen as the calibration source for the NEMO-3 detector
and each of the 20 sectors was fitted with a vertical copper tube into which sources

were inserted for dedicated calibration runs [78].

207Bj decays via electron capture to excited states of 227Pb, which in turn
emits internal conversion electrons, of which K lines at 482 and 976 keV are used in

the absolute energy calibration.

207Bj decays via electron capture to the %7 (2340keV, 7% branching ratio),
%Jr (1633keV, 84.2%), and %_ (570keV, 8.8%) excited states of 297Pb, with ac-
companying X-rays or Auger electrons. For a discussion of electron capture, see
section 2.2.1. X-ray energies and branching fractions for the ?°7Bi — 2°"Pb decay

are summarized in table F.1 [34].

The approximate binding energies of the daughter nucleus 2°7Pb (Z=82) for

the K, L, and M (n = 1,2,3) shell electrons are presented in table F.2.
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Energy (keV) | Branching Fraction
10.6 36%
72.8 22%
75.0 37%
84.9 1.6%

Table F.1: Summary of X-rays resulting from electron capture in the 27Bi —
207Ph decay.

20

A schematic of de-excitation transitions in 2°7 is presented in Figure F, and

a summary of emitted conversion electrons is given in Table F [34, 106].
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Shell | Binding Energy (keV)

K 88
L 22
M 10

Table F.2: Binding energies for the K,L,M shell electrons of 2°"Pb.

Transition | hr | Binding Energy | Energy (keV) | Shell | Branching Fraction
187 557 11063 88 976 ex 6.1%
g_ — %_ 1063 22 1040 er 1.5%
g_ — %_ 1063 10 1060 en 0.5%
g_ — %_ 573 88 482 €K 1.6%
57 17 | 573 22 553 er 0.4%

Table F.3: Summary of conversion electrons in 2°"Bi—2"Pbh decay.
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> 2340 kev
L aaa (oLl 1770 kev
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2:27];13 Y Y 0 kev

Figure F.1: Decay scheme of 2"Bi. [107]
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Appendix G

211Bi and *”T1 decay information

G.1 Introduction

NEMO-3 and SuperNEMO were both designed with the goal of having ex-
tremely low background radiation, a condition necessitated by the relative rarity of
both the 0vj3S signal and 2v38 decays. In addition, to understand well the system-
atic uncertainty from the remaining background, a thorough understanding of the
background contamination is necessary, particularly in the signal region around the

Q-value of each isotope.

The dominant background contribution in the 23 energy range above 3 MeV
comes from 2'4Bi and 29%T1. Therefore understanding the decay of these two iso-
topes in particular is of crucial importance to background rejection in the region of

expected 280v signal.

G.2 Decay of ?'“Bi

214Bj contributes to the background of NEMO-3 primarily via 3 decays,

shown in figure G.1:

e 3272keV S decay directly to the ground state of 2'4Po.
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e 1855keV /3 decay to the 1415 keV excited state of 214Po, followed by a 1323 keV
EC transition with a 99 ps delay.

e 1505keV 8 decay to the 1765keV excited state of ?'4Po, with subsequent
~ transitions to the ground state which can be Moller scattered to mimic a

second electron.

214

1505 keVv

1765
16.9% )
1855 keVv 141
0.87% >
1323 keV EC
v 1378
v ¢609

214

19.9% 3272 kev ) VV V ¢0
Po

Figure G.1: 2Bi decays contributing background to the 33 spectrum. -~
transition energies are suppressed for clarity. [107].
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—————————
24.53| 4489 kev > 3708
21.85] 4722 kev > 3475
3197
18.7% 5000.9 kev) V

2615

0.24% EC
0

208Pb

Figure G.2: Three most common decays of 2°*TI contributing background to
the 3 spectrum. ~ transition energies are suppressed for clarity [107].

G.3 Decay of 2Tl

2087 contributes to the high-energy background in NEMO-3 via a high
energy 3 decay to excited states of 2%Po, all of which v transition to the 2,615 keV
excited state. Decay to the ground state then has a 0.24% probability to transition
to the ground state via electron capture. The three most common 2%®T13 decays

are shown in figure G.2.
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Appendix H

Background Details

This appendix describes the backgrounds included in the background model
for 116Cd and #2Se. Backgrounds are organized by geometric location within the
NEMO-3 detector, and in order of number of expected events in the final analysis.

Backgrounds are presented separately by NEMO-3 phase number and by data set.

H.1 Y°Cd

The background model for 116Cd is described in this section. Tables H.1, H.2,
and H.3 present the background model organized by background type (internal,
external, radon) and location in the detector. Table H.4 present backgrounds present

in each of the ''°Cd data sets by number of expected events.
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H.1.1 Internal Backgrounds

This section describes the model of backgrounds present in the NEMO-3
internal 1'6Cd source foil. Activities for the medium- and low-activity sections are

shown separately.

‘ Sector ‘ Background ‘ PT Activity (mBq) ‘ PII Activity (mBq) ‘ Source
2BAc 0.664 0.664 HPGe
212Bj 0.664 0.664
2H1B; 0.162 0.162
Low Activity B7Cs 1.210 1.210 X
- K 3.393 3.370 Fitted in le channel
23imPy, 0.260 0.260
211py 0.162 0.162
208 1.7 x1072 1.7 x1072 Fitted in lely channel
28 Ac 0.664 0.664 HPGe
212Bj 0.664 0.664
21Bj 0.389 0.389
. .. B37Cs 1.210 1.210
Medium Activity 0K 8.39 8.40 Fitted in e channel
2ImPay, 1.010 1.010
211pp 0.389 0.389
208 4.1 x107? 4.1 x107?2 Fitted in lely channel

Table H.1: Table of backgrounds present in the 9Cd foils.
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H.1.2 External Backgrounds

This section describes the model of external backgrounds measured in the
NEMO-3 6Cd sector. Activities for the medium- and low-activity sections are

shown separately.

External Backgrounds
BG Name Origin Isotope AP?;:;; i};’?fjitl}} Source
(Ba) (Ba)

28 Ac 1350 1350 modelf

EXBG4 Fe Shield 24pBi 7360 7360 BG Paper

208 484 484 BG Paper

EXBG6 | Internal Tower | %°Co 18.4 18.4 BG Paper
28 Ac 8.54 8.54 modelf

2B 9.1 9.1 BG Paper

EXBG7 Fe Petals 0Co 6.09 6.09 BG Paper

0K 100 100 BG Paper

208 3.1 3.1 BG Paper

EXBGS p-metal ®Co 14.6 14.6 BG Paper
B Ac 8.54 8.54 modelf

24pBi 324 324 BG Paper

EXBGLL PMTs 0 1078 1078 BG Paper

2087 27 27 BG Paper

EXBG17 Cu Petals 0Co 47.6 47.6 BG Paper
SCII Inner Scint. 40K 7.59 7.59 modelf
SCIO Outer Scint. 0K 12.53 12.53 modelf
SCIP Petal Scint. WOK 1.39 1.39 modelf

Table H.2: Summary of external BG model. 'modelf’ refers to default value
from recorded measurement.
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H.1.3 Radon Backgrounds

This section describes the model of radon-derived backgrounds measured in
the NEMO-3 116Cd sector. Activities for the medium- and low-activity sections are

shown separately.

Radon Backgrounds
BG Name Origin Isotope i?ci\b/?ti iléiii tI; Source
(Bq) (Ba)
211Bj 1.21 0.198 Vera’s map
SWIRE Wire Surfaces 2104 8.536 8.536 Vera’s map
2lpy, 1.21 0.198 Vera’s map
2B 8.54 3.42 Fitted in lely
SFOIL Foil Surface 2104 0.160 0.160 Vlad’s note
21ph 8.54 3.42 Fitted in lely
2B 0.291 0.291 Vlad’s note
SSCIN | Scintillator Surfaces | 2°Bi 28.6 28.6 Vlad’s note
214py, 0.291 0.291 Vlad’s note

Table H.3: Summary of Radon background model.
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H.1.4 Backgrounds Listed by Number of Events

This section presents backgrounds in the 19Cd sector of NEMO-3, arranged
by expected number of events after selection.

Phase I low activity (Bq) Phase I medium activity (Bq)
Background ‘ Exp. events ‘ Activity | Background ‘ Exp. events ‘ Activity
exbgll bi214 5.77 324.00 | exbgd t1208 8.14 484.10
exbg4 bi214 3.84 7359.30 | exbgd_bi214 7.68 7359.30
sfoil bi214 3.50 0.01590 | inbg k40 6.57 0.00339
sfoil_pb214 3.49 0.01590 | sfoil_pb214 6.07 0.01590
inbg k40 3.45 0.00339 | sfoil bi214 6.07 0.01590
exbg4 t1208 2.91 484.10 | exbgll t1208 4.53 26.95800
exbgl1_t1208 2.83 26.95800 | swire_bi214 42.44 0.00
inbg_ac228 2.80 0.66 inbg_ac228 3.66 0.66
exbgl1 k40 2.70 1078.40 | swire_pbh214 35.89 0.00
swire_bi214 18.96 0.00 exbgll k40 3.24 1078.40
inbg_bi212 1.83 0.66 inbg bi212 2.70 0.66
inbg bi214 1.58 0.16 inbg pa234m 2.60 0.26
inbg_pa234m 1.44 0.26 inbg_bi214 2.55 0.16
swire_pb214 14.04 0.00 exbg7_t1208 1.26 3.07300
exbg6_co60 0.73 18.42 | sfoil bi210 1.18 0.16
sfoil_bi210 0.59 0.16 exbgll bi214 10.49 324.00
inbg_pb214 0.42 0.16 exbg7_co60 0.96 6.09
swire_bi210 0.34 0.00 inbg pb214 0.74 0.16
exbg7_t1208 0.32 3.07300 | exbg8_co60 0.43 14.58300
exbg8_co60 0.29 14.58300 | scio_k40 0.40 12.53
exbg7 k40 0.29 100.26 | sscin_bi214 0.30 0.39334
exbg7_co60 0.24 6.09 exbg7 k40 0.29 100.26
exbgll_ac228 0.20 72.70800 | inbg-t1208 0.27 0.02
inbg_t1208 0.16 0.02 exbgll_ac228 0.20 72.70800
sscin_bi214 0.15 0.39334 | swire_bi210 0.17 0.00
exbg7 bi214 0.00 9.11600 | exbg7_bi214 0.11 9.11600
exbg7_ac228 0.00 8.54300 | sscin_pb214 0.06 0.39334
scii-k40 0.00 7.58940 | exbg7-ac228 0.00 8.54300
sscin_bi210 0.00 31.99181 | scii_k40 0.00 7.58940
scip_k40 0.00 1.39 inbg_pb211 0.00 0.00
exbgd_ac228 0.00 1345.80 | sscin_bi210 0.00 31.99181
scio_k40 0.00 12.53 | exbg6_co60 0.00 18.42
sscin_pb214 0.00 0.39334 | scip_k40 0.00 1.39
inbg_cs137 0.00 0.00121 | exbgd_ac228 0.00 1345.8
inbg pb211 0.00 0.00 inbg _cs137 0.00 0.00121

Table H.4: Summary of backgrounds by final number of expected events in

16Cd for Phase 1.
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H.2 %Se
H.2.1 Internal Backgrounds

This section describes the model of backgrounds present in the NEMO-3

internal ®2Se source foil. Activities for the Se(I) and Se(II) sections are shown

separately.
| Sector | Background | PI Activity (mBq) | PII Activity (mBq) | Source
28 Ac 0.664 0.664 HPGe
2I2Bj 0.664 0.664
214Bj 0.162 0.162
Se(1) 137Cs 1.210 1.210 X
K 3.393 3.370 Fitted in le channel
BImPy, 0.260 0.260
214pp 0.162 0.162
2087 1.7 x1072 1.7 x1072 X
28 Ac 0.664 0.664 HPGe
2I2Bj 0.664 0.664
21Bj 0.389 0.389
Se(IT) 137Cs 1.210 1.210
K 8.39 8.40 Fitted in le channel
234mPy 1.010 1.010
214py, 0.389 0.389
2087 4.1 x1072 4.1 x1072 X
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H.2.2 External Backgrounds

This section describes the model of external backgrounds measured in the

NEMO-3 #2Se sectors. Activities for the Se(I) and Se(II) sections are shown sepa-

rately.
External Backgrounds
BG Name Origin Isotope AP?;:;; i};’?fjitl}} Source
(Ba) (Ba)

28 Ac 1350 1350 modelf

EXBG4 Fe Shield 24pBi 7360 7360 BG Paper

208 484 484 BG Paper

EXBG6 | Internal Tower | %°Co 18.4 18.4 BG Paper
28 Ac 8.54 8.54 modelf

2B 9.1 9.1 BG Paper

EXBG7 Fe Petals 0Co 6.09 6.09 BG Paper

0K 100 100 BG Paper

208 3.1 3.1 BG Paper

EXBGS p-metal ®Co 14.6 14.6 BG Paper
B Ac 8.54 8.54 modelf

24pBi 324 324 BG Paper

EXBGLL PMTs 0 1078 1078 BG Paper

2087 27 27 BG Paper

EXBG17 Cu Petals 0Co 47.6 47.6 BG Paper
SCII Inner Scint. 40K 7.59 7.59 modelf
SCIO Outer Scint. 0K 12.53 12.53 modelf
SCIP Petal Scint. WOK 1.39 1.39 modelf

Table H.5: Summary of external BG model. 'modelf’ refers to default value
from recorded measurement.
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H.2.3 Radon Backgrounds

This section describes the model of radon-derived backgrounds measured in

the NEMO-3 #2Se sectors. Activities for the Se(I) and Se(II) sections are shown

separately.
Radon Backgrounds
BG Name Origin Isotope i?ci\b/?ti iléiii tI; Source
(Bq) (Ba)

211Bj 1.21 0.198 Vera’s map

SWIRE Wire Surfaces 2104 8.536 8.536 Vera’s map
2lpy, 1.21 0.198 Vera’s map
2B 8.54 3.42 Fitted in lely

SFOIL Foil Surface 2104 0.160 0.160 Vlad’s note
21ph 8.54 3.42 Fitted in lely
2B 0.291 0.291 Vlad’s note

SSCIN | Scintillator Surfaces | 2°Bi 28.6 28.6 Vlad’s note
214py, 0.291 0.291 Vlad’s note
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